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Kurzzusammenfassung

Im Rahmen dieser Doktorarbeit wurden relativistische energie-konsistente Pseudopo-
tentiale (PPs) für f-Elemente justiert. Bei der Pseudopotentialmethode werden nur
die chemisch relevanten Valenzelektronen explizit in den Rechnungen behandelt und
die wichtigsten relativistischen Effekte durch eine geeignete Parametrisierung implizit
berücksichtigt. Deshalb werden PPs häufig zur theoretischen Untersuchung von f-
Elementverbindungen verwendet, für deren Berechnung die hohe Anzahl an Elektro-
nen und die großen relativistischen Effekte die Hauptherausforderungen darstellen.
Außerdem können Schwierigkeiten aufgrund von offenen Schalen durch PPs vermie-
den werden, indem sie die offenen Schalen in den Rumpfbereich einbeziehen, wie
es z.B. für dief-in-core PPs der Fall ist. Wenn allerdings die offene f-Schale nicht
explizit behandelt wird, muss für jede Oxidationsstufe eineigenes PP angepasst wer-
den. Diese Doktorarbeit vervollständigt die bereits vorhandenen quasirelativistischen
energie-konsistentenf-in-corePPs, d.h. für die Actinoide wurden zwei- (Pu–No), vier-
(Th–Cf), fünf- (Pa–Am) und sechswertige (U–Am)5f-in-corePPs und für die Lan-
thanoide vierwertige (Ce–Nd, Tb, Dy)4f-in-corePPs justiert. Zu diesen PPs wurden
polarisierte Valenz-Double-, Valenz-Triple- und Valenz-Quadruple-Zeta-Basissätze zur
Anwendung in Molekülrechnungen optimiert, welche kleinere Basissätze umfassen,
die zur Berechnung von Kristallen eingesetzt werden können. Zusätzlich wurden im
Falle der zwei-, drei- und vierwertigen Actinoide Polarisationspotentiale zur Berück-
sichtigung der vernachlässigten statischen und dynamischen Rumpfpolarisation an-
gepasst. Die atomaren Testrechnungen an den Ionisierungspotentialen der Actinoide
und die molekularen Testrechnungen an den Actinoid- und Lanthanoidfluoriden auf
Hartree-Fock- bzw. Coupled-Cluster-Niveau zeigen außer für PuF2 und NpF6–AmF6

eine gute Übereinstimmung mit entsprechendenf-in-valencePseudopotentialrechnun-
gen bzw. experimentellen Werten. Für PuF2 ist der Grund für die große Abweichung,
dass die zweiwertige Oxidationsstufe für Plutonium nicht stabil ist. Für die sechswerti-
gen PPs zeigt sich hingegen, dass die5f-in-coreNäherung außer für Uran (5f0) versagt.
Da die5f-in-corePPs auch für Actinocene, Actinyl-Ionen und Uranyl(VI)-Komplexe
erfolgreich angewendet wurden, sollte dief-in-core Näherung für Verbindungen, in
denen die f-Orbitale nicht signifikant an der chemischen Bindung beteiligt sind, eine
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effiziente Rechenmethode darstellen.
Zusätzlich zu den quasirelativistischenf-in-corePPs wurde ein kürzlich justiertes5f-
in-valencePP für Uran, welches sowohl skalar-relativistische Effekte als auch die
Spin-Bahn-Kopplung berücksichtigt, zur Berechnung der U5+- und U4+-Feinstruktur-
aufspaltung verwendet. Diese Rechnungen ergaben zuverlässige Ergebnisse und be-
stätigen somit frühere Testrechnungen an Uranmonohydrid.



Abstract

In this thesis relativistic energy-consistent pseudopotentials (PPs) for f-elements have
been adjusted. The PP approach restricts the explicit calculations to the chemically
relevant valence electron system and implicitly includes relativistic effects by means
of a simple parameterization. Thus, it is a commonly used approximation to study
molecules containing f-elements, where the large number ofelectrons and the signif-
icant relativistic effects are the main obstacles. Even difficulties due to open shells
can be avoided, if these are included in the core, as it is the case for f-in-core PPs.
However, if the f shell is not treated explicitly, one PP for each oxidation state has
to be adjusted. This thesis completes the already existing quasirelativistic f-in-core
PPs, i.e. 5f-in-core PPs for di- (Pu–No), tetra- (Th–Cf), penta- (Pa–Am), and hexava-
lent (U–Am) actinides and 4f-in-core PPs for tetravalent (Ce–Nd, Tb, Dy) lanthanides
are presented. Corresponding molecular basis sets of polarized valence double- to
quadruple-zeta quality have been derived. Smaller basis sets suitable for crystal calcu-
lations form subsets of these basis sets. Furthermore, core-polarization potentials for
di-, tri-, and tetravalent actinides have been adjusted to account for the neglect of static
and dynamic core-polarization. Atomic test calculations on actinide ionization poten-
tials as well as molecular test calculations on actinide andlanthanide fluorides using
the Hartree–Fock and coupled cluster method show satisfactory agreement with cal-
culations using f-in-valence PPs and experimental data, respectively, except for PuF2
and NpF6–AmF6. While for PuF2 the large deviations are due to the fact that for plu-
tonium the divalent oxidation state is not stable, in the hexavalent case the 5f-in-core
approximation seems to reach its limitations except for uranium (5f0). Moreover, the
5f-in-core PPs are successfully applied to actinocenes, actinyl ions, and uranyl(VI)
complexes. Thus, the f-in-core PPs should be an efficient computational tool for those
compounds, where the f orbitals do not participate significantly in chemical bonding.
In addition to the quasirelativistic f-in-core PPs, the recently adjusted 5f-in-valence
uranium PP including scalar-relativistic effects as well as spin–orbit coupling have
been tested by calculating the fine-structure splittings ofU5+ and U4+. These test
calculations gave reliable results and thus confirm earlierbenchmark calculations on
uranium monohydride.

vii





Contents

Kurzzusammenfassung v

Abstract vii

1 Introduction 1

2 Theory 7
2.1 Effective Core Potentials . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2 Approximations . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.3 Model Potential vs. Pseudopotential . . . . . . . . . . . . . .11
2.1.4 Relativistic Treatment . . . . . . . . . . . . . . . . . . . . . 12
2.1.5 Valence-only Model Hamiltonian . . . . . . . . . . . . . . . 15
2.1.6 Energy Adjustment . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Quantum Mechanical Methods . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Hartree–Fock Method . . . . . . . . . . . . . . . . . . . . . 20
2.2.2 Configuration Interaction . . . . . . . . . . . . . . . . . . . . 22
2.2.3 Multi-configuration Self-consistent Field Method . .. . . . . 23
2.2.4 Coupled Cluster Theory . . . . . . . . . . . . . . . . . . . . 24
2.2.5 Second-order Møller–Plesset Perturbation Theory . .. . . . . 25
2.2.6 Density Functional Theory . . . . . . . . . . . . . . . . . . . 28

3 Results and Discussion 31
3.1 5f-in-core Pseudopotentials for Actinides . . . . . . . . . .. . . . . 31

3.1.1 Adjustment of the Pseudopotentials . . . . . . . . . . . . . . 31
3.1.2 Adjustment of the Core-polarization Potentials . . . .. . . . 33
3.1.3 Optimization of the Valence Basis Sets . . . . . . . . . . . . 35
3.1.4 Atomic Test Calculations . . . . . . . . . . . . . . . . . . . . 37
3.1.5 Molecular Test Calculations . . . . . . . . . . . . . . . . . . 41
3.1.6 Range of Applications . . . . . . . . . . . . . . . . . . . . . 60

i



ii CONTENTS

3.1.7 Application to Actinocenes . . . . . . . . . . . . . . . . . . . 61
3.1.8 Application to Actinyl Ions . . . . . . . . . . . . . . . . . . . 67
3.1.9 Application to Uranyl(VI) Complexes . . . . . . . . . . . . . 72

3.2 4f-in-core Pseudopotentials for Lanthanides . . . . . . . .. . . . . . 91
3.2.1 Adjustment of the Pseudopotentials . . . . . . . . . . . . . . 91
3.2.2 Optimization of the Valence Basis Sets . . . . . . . . . . . . 91
3.2.3 Molecular Test Calculations . . . . . . . . . . . . . . . . . . 93

3.3 5f-in-valence Pseudopotential for Uranium . . . . . . . . . .. . . . . 113
3.3.1 Adjustment of the Pseudopotential . . . . . . . . . . . . . . . 113
3.3.2 Optimization of the Valence Basis set . . . . . . . . . . . . . 114
3.3.3 Atomic Test Calculations on U5+ and U4+ . . . . . . . . . . . 115

4 Conclusion and Outlook 129

A Pseudopotentials 133

B Basis Sets 145

C Test Calculations and Applications 167

Literature 177

Danksagung 189

Erklärung gemäß §3 Abs. 10 der Promotionsordnung 191

Lebenslauf 193



List of Abbreviations

ACPF averaged coupled-pair functional (method)
AE all-electron
AMFI atomic mean-field integral (code)
An actinides
ANO atomic natural orbital
a.u. atomic unit
avg. average
BSSE basis set superposition error
CASSCF complete active space self-consistent field (method)
CASPT2 complete active space second-order perturbation theory
CC coupled cluster (method)
CCSD(T) coupled cluster method with singles and doubles anda perturbative es-

timate of triples
CI configuration interaction
CISD+Q configuration interaction including single and double excitations and

the correction formula proposed by Langhoff and Davidson
COSMO Conductor-like Screening Model
CP counterpoise (correction)
CPP core-polarization potential
CSF configuration state function
CT charge-transfer (excitation)
D doubles (double excitations)
DaC Davidson correction
DC Dirac–Coulomb (Hamiltonian)
DCB Dirac–Coulomb–Breit (Hamiltonian)
DFT density functional theory
DHF Dirac–Hartree–Fock (method)
DKH Douglas–Kroll–Hess (Hamiltonian)
EA electron affinity
ECP effective core potential

iii



iv L IST OF ABBREVIATIONS

EXAFS extended X-ray absorption fine structure (spectroscopy)
exp. experimental, experiment
FSCC Fock-space coupled cluster (method)
GTO Gaussian-type-orbital
Hba benzoic acid C6H5COOH
Hbha benzohydroxamic acid C6H5CONHOH
Hsha salicylhydroxamic acid HOC6H4CONHOH
HF Hartree–Fock (method)
HFS Hartree–Fock–Slater (method)
hs high-spin
IH-FSCC intermediate Hamiltonian Fock-space coupled cluster (method)
IP ionization potential
Ln lanthanides
LPP large-core pseudopotential
ls low-spin
m.a.d. mean absolute deviation
m.a.e. mean absolute error
MCDF-CI multi-configuration Dirac–Fock configuration interaction
MCDHF multi-configuration Dirac–Hartree–Fock (method)
MCSCF multi-configuration self-consistent field (method)
MO molecular orbital
MO-LCAO molecular orbitals by linear combination of atomicorbitals
MRCI multi-reference configuration interaction
m.r.e. mean relative error
MP model potential
MP2 second-order Møller–Plesset perturbation theory
PES potential energy surface
PP pseudopotential
S singles (single excitations)
SCF self-consistent field (method)
SO spin–orbit
SO-CI spin–orbit configuration interaction (method)
SOMO singly occupied molecular orbital
SPP small-core pseudopotential
T triples (triple excitations)
TD-DFT time-dependent density functional theory
VE valence electron



L IST OF ABBREVIATIONS v

WB Hartree–Fock method with scalar-relativistic corrections after Wood
and Boring

XIH-FSCC extrapolated intermediate Hamiltonian Fock-space coupled cluster
(method)

ZORA zero-order regular approximation

Nomenclature of Basis Sets:

VnZ, n=D, T, Q, ... valencen-zeta basis set withn=double, triple, quadruple,...
aug augmented
cc correlation-consistent
p polarized

For example:
aug-cc-pVQZ augmented correlation-consistent valence quadruple-zeta basis set





Chapter 1

Introduction

The f-elements are divided into lanthanides Ln (La–Lu) and actinides An (Ac–Lr),
for which the 4f and 5f shells are gradually filled with increasing nuclear charge, re-
spectively. Lanthanides are also called rare earth elements, although they are quite
abundant, i.e. even the least common lanthanide thulium (except for the radioactive
praseodymium) is more abundant in the earth’s crust than iodine [1]. They have many
applications, e.g. cerium is used in lighter flints and many lanthanides are neutron
absorbers in nuclear reactors [2]. Actinides, however, arevery scarce and man-made
except for Ac–U [1]. They are all toxic as well as radioactiveand their applications are
primarily power generation, nuclear weapons, and radiotherapy [3]. The main subjects
of actinide chemistry are the improvement of the nuclear energy generation as well as
the nuclear waste management, i.e. the selection of safe repositories and the reduction
of the long-term radiotoxicity.
One possibility to reduce the long-term radiotoxicity of nuclear waste is the partition-
ing and transmutation strategy. Spent nuclear fuel contains the major actinides U and
Pu, the minor actinides Np, Am, and Cm, and fission products, which are mainly lan-
thanides as Pm, Sm, and Eu [4]. While plutonium and the minor actinides are the
smallest part of the spent fuel, they contribute most to the long-term radiotoxicity, i.e.
spent fuel without reprocessing needs about one million years until its radiotoxicity
decreases to that of the initial uranium, the separation of plutonium reduces this time
to ca. 15000 years, and by additional removal of the minor actinides the radiotoxicity
already can reach this value after less than 1000 years [4]. After the partitioning plu-
tonium and the minor actinides can be transmuted to shorter-lived and/or less toxic
species [4]. One of the key problems faced in partitioning and transmutation strate-
gies is the separation of actinides and lanthanides, whose properties are very similar.
Consequently a detailed understanding of actinide and lanthanide properties is highly
desirable. However, these studies involve several difficulties for both experimental
and theoretical work. While the toxicity, radioactivity, and scarcity of the actinides
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2 CHAPTER 1 INTRODUCTION

are the main obstacles for the experimentalists [3], theoreticians face particular chal-
lenges in the significant contributions of relativity as well as electron correlation for
both lanthanides and actinides [5–8]. Furthermore, the complexities arising from par-
tially occupied f shells make first-principle studies of lanthanide and actinide systems
frequently cumbersome and motivate the development of approximate schemes based
on chemical intuition [7,8]. The number of theoretical papers between 1978 and 1992
for atoms and molecules containing f-elements documents these difficulties, i.e. for
lanthanides less than 100 papers, and for heavier actinidesas Am–Lr even less than
ten papers were published in this period [9]. One exception is uranium, where slightly
more than 100 publications appeared between 1978 and 1992 [9].
A commonly used approximation to cope with some of these problems in quantum
chemical calculations is the effective core potential (ECP) approach, in which the ex-
plicit calculations are restricted to the chemically relevant valence electron system and
relativistic effects are only implicitly accounted for by aproper adjustment of free pa-
rameters in the valence-only model Hamiltonian. In many cases only the application
of ECPs allows for quantum mechanical calculations due to the computational savings.
However, this method has to be seen as a suitable compromise between the computa-
tional effort and the accuracy of the results.
Essentially one distinguishes between two types of ECPs, i.e. model potentials (MPs)
preserving the radial nodal structure of the all-electron (AE) valence orbitals and PPs,
which use pseudo-valence-orbitals with a simplified radialnodal structure [10]. Today
the most widely used variant of the MP method are the ab initioMPs of Huzinaga,
Seijo, Barandiarán, and coworkers [11]. In the case of PPs one may further distin-
guish between shape-consistent and energy-consistent PPs, whereby the former are
adjusted to orbital data of one reference configuration and the latter rely on the AE
total valence energies of all chemical important configurations of the neutral atom and
its low-charged ions [7]. A very popular set of shape-consistent PPs based on scalar-
relativistic AE calculations was published by Hay and Wadt [12, 13]. Since in this
thesis energy-consistent PPs of the Stuttgart-Cologne type will be presented, these PPs
are discussed in more detail.
A fundamental decision prior to the construction of ECPs/PPs is the choice of the core
and valence subsystems [7]. For f elements at least two kindsof energy-consistent PPs
with different core definitions, i.e. 4f-in-valence [14] aswell as 5f-in-valence [15, 16]
small-core PPs (SPPs) and 4f-in-core [17, 18] as well as 5f-in-core [19, 20] large-core
PPs (LPPs) are available. The f-in-valence SPPs treat 29–43electrons explicitly, while
28 (1s–3d) and 60 (1s–4f) electrons are included in the PP core for lanthanides and
actinides, respectively. The quasirelativistic Wood–Boring (WB) SPPs were already
published almost 20 years ago [14, 15], and additionally a uranium SPP was recently
adjusted to more rigorous AE four-component relativistic reference data [16]. Al-
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though the f-in-valence SPPs significantly reduce the computational effort, they do
not avoid the difficulties due to the open f shell, which can lead to a spin and angu-
lar momentum as large as 7/2 and 12, respectively, resultingin many low-lying LS-
states [21]. Due to these LS-states, which cause convergence problems, the calcula-
tion of large f-element complexes as lanthanide(III) texaphyrins [22] and actinide(III)
motexafins [23] (cf. Fig. 1.1) were not feasible using f-in-valence SPPs. The 4f-in-
core (1s–4f core) and 5f-in-core (1s–5f core) LPPs avoid many difficulties due to the
open f shell, and despite their approximate nature are an efficient computational tool
for those lanthanide/actinide compounds, where the f shelldoes not significantly con-
tribute to chemical bonding. Using these LPPs the lanthanide(III) texaphyrin [22] and
actinide(III) motexafin [23] complexes could be studied successfully.
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Figure 1.1: Actinide(III) motexafin structure.

While 4f-in-core LPPs for lanthanides were already adjusted in 1989 [17,18], the first
5f-in-core LPPs for actinides were generated only some years ago [19,20]. Both types
of LPPs were adjusted at the quasirelativistic WB level, since a more accurate treat-
ment of the relativistic makes no sense due to the crude approximation with respect to
the core–valence separation. The reason for the delayed adjustment of the 5f-in-core
LPPs can be explained by the oxidation states adopted by lanthanides and actinides



4 CHAPTER 1 INTRODUCTION

in their compounds (cf. Table 1.1) [1, 2]. The preferred oxidation state in aqueous
solution is +3 for all lanthanides, but only for the higher actinides (Am–Lr). For the
early actinides the 5f shell can easily contribute to chemical bonding due to its diffuse
character, and thus these actinides may reach formal oxidation states up to +7. The 4f
shell has a core-like character for all lanthanides, while the 5f shell only becomes more
core-like with increasing nuclear charge along the actinide series. Therefore the range
of possible applications of the recently published 5f-in-core LPPs is certainly some-
what smaller than that for the 4f-in-core LPPs, which have already successfully been
used during the last two decades by many researchers [8]. However, ample quantita-
tive evidence is found that the 5f-in-core approximation can be made without too much
loss of accuracy for many cases, e.g. actinide trifluorides [19, 20], actinide(III) mono-
[19,20] and polyhydrates [24], actinide(III) motexafin complexes [23], and crystalline
uranium nitride [25].

Table 1.1: The oxidation states adopted by lanthanides and actinides in their com-
pounds [1,2]. The most stable oxidation state in aqueous solution is repre-
sented in red, and oxidation states only found in solids are given in paren-
theses.

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(2) 2 (2) (2)

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 (4) (4) (4) (4)

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
(2) (2) (2) 2 2 2

3 3 (3) 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4 (4)

5 5 5 5 5
6 6 6 6

7 7

In the case of the f-in-core LPPs one PP for each oxidation state, or rather, for each
corresponding f subconfiguration is needed, since the frozen-core error shows a no-
ticeable dependence on the f occupation (cf. Sect. 2.1.2) [7]. For lanthanides di- and
trivalent 4f-in-core LPPs [17,18] for La–Yb and La–Lu are available, respectively, and
for actinides trivalent 5f-in-core LPPs [19,20] for Ac–Lr were adjusted.
In this thesis the already existing f-in-core LPPs for actinides and lanthanides will be
completed, i.e. di-1, tetra-, penta-, and hexavalent 5f-in-core actinide LPPs for Pu–No,

1The parameters of the divalent 5f-in-core PPs I have alreadyadjusted during my diploma thesis [19].
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Th–Cf, Pa–Am, and U–Am, respectively, and tetravalent 4f-in-core lanthanide LPPs
for Ce–Nd, Tb, and Dy will be adjusted. Corresponding basis sets for use in both
crystal and molecular calculations will be optimized, and in the case of the actinides
core-polarization potentials (CPPs) will be generated, inorder to correct for the ne-
glect of static and dynamic core-polarization. These PPs, CPPs, and basis sets will be
tested in atomic and molecular calculations, and selected applications of the 5f-in-core
LPPs, e.g. on actinocenes, actinyl ions, and uranyl(VI) complexes, will be presented.
Furthermore, the recently adjusted 5f-in-valence uraniumSPP, which includes scalar-
relativistic effects as well as spin–orbit (SO) coupling, will be used to calculate the
fine-structure splittings of U5+ and U4+, in order to assess its accuracy.





Chapter 2

Theory

2.1 Effective Core Potentials

In the following first the motivation for ECPs and the main approximations of this
method will be described. Afterwards different kinds of ECPs will be discussed, i.e.
differences within the valence orbitals, the relativistictreatment, or the adjustment.
Furthermore, the valence-only model Hamiltonian and the analytical form of ECPs
will be given.

2.1.1 Motivation

The main reasons for the usage of ECPs are the computational savings resulting from
the chemically intuitive restriction of the explicit calculations to the valence electron
system and the implicit inclusion of the most important relativistic effects by means of
a simple parameterization [7, 10, 26]. Since f-elements have many electrons and show
large relativistic effects, calculations on molecules containing lanthanides or actinides
are often only feasible, if ECPs are applied. Certainly the ECP approach requires some
approximations (cf. Sect. 2.1.2), but it is a suitable compromise between the compu-
tational effort and the accuracy of the results.
If spin-dependent terms are averaged or neglected, the scalar-relativistic ECP calcu-
lations can be performed using non-relativistic quantum chemistry with only slight
modifications [7, 26]. Even the transferability of ECPs (adjusted with wavefunction-
based methods) to density functional theory (DFT) appears to be quite good [27], al-
though the non-linearity of the total energy as well as the potential in the density is
neglected [26].
Not necessarily every AE calculation yields a superior result. The reason for this is
that ECPs allow to concentrate computational resources on the important parts of the
system, i.e. they shift computational effort from the chemically unimportant core re-

7



8 CHAPTER 2 THEORY

gion to the valence electrons, which primarily determine the chemical behavior [10].
Thus, a higher quality treatment of the valence electron subsystem compared to the
AE case becomes possible, e.g., larger basis sets and more accurate correlation meth-
ods can be applied [26]. Furthermore, the introduction of ECPs reduces the basis set
superposition error (BSSE).
Finally, the ECP approach can help to avoid difficulties posed by open shells, if these
are included in the core system. For lanthanides and actinides 4f-in-core [17, 18,
28] and 5f-in-core [20, 29, 30] PPs allow for calculations onlarge complexes as lan-
thanide(III) texaphyrins [22] and actinide(III) motexafins [23] (cf. Fig 1.1), respec-
tively, which were not feasible due to convergence problemsconnected with the large
amount of low-lying LS-states. However, these PPs can only be applied, if the f or-
bitals do not participate significantly in chemical bonding.

2.1.2 Approximations

A fundamental decision prior to the construction of ECPs is the choice of the core and
valence subsystems or the so-called core–valence separation [7]. From a quantum me-
chanical point of view the partitioning of a many-electron system into subsystems is
not possible, because electrons are indistinguishable [26]. However, in the framework
of effective one-particle approximations as Hartree–Fock(HF) or Dirac–Hartree–Fock
(DHF) theory such a core–valence separation is possible [26]. The definition of core
and valence orbitals is either based on energetic or spatialarguments, i.e. on orbital
energies or radial maxima of orbitals [26].
The core–valence separation involves at least two shortcomings. On the one hand
the core-correlation consisting of core–core as well as core–valence correlation is ne-
glected, i.e. if ECPs are applied, correlation is only accounted for the explicitly treated
valence electrons, and even the static polarization of the core at the HF level is not
considered. Due to the neglect of core-correlation bond lengths, ionization potentials
(IPs), and bond energies are affected [31]. Obtained bond lengths and energies are
too long and too small, respectively, because the electron–electron repulsion is over-
estimated, and calculated IPs are too small, since core-correlation stabilizes the atom.
On the other hand the core orbitals are assumed to be transferable for the atom and
molecules regardless of the electronic state, which corresponds to the frozen-core ap-
proximation [7, 26]. Therefore care has to be taken that all low-energy configurations
of the neutral atom and low-charged ions, which might becomeimportant in chemical
processes, are taken into account in the ECP adjustment [7,26]. However, only energy-
consistent PPs can be adjusted to more than one configuration, which constitutes an
advantage over shape-consistent PPs (cf. Sect. 2.1.6).
These two approximations are the more pronounced, the larger the ECP core. Thus, an
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Table 2.1: Relative DHF energies (in eV) of the 2J+1-weighted average of all J levels
belonging to a non-relativistic configuration with respectto the value for
the Th [Rn]6d27s2 ground state configuration (Table 3 from [7]). Only
subconfigurations outside the Rn core are listed. The frozen-core errors (in
eV) in the relative energies are given for 4, 12, and 30 valence electron (VE)
systems. The frozen-core was taken from the neutral atom in the ground
state configuration.

Frozen-core Error
Configuration DHF 4VE 12VE 30VE

60.301 1.113 0.005 0.000
7s1 35.394 0.593 0.002 0.000
7s2 17.357 0.292 0.002 0.000

6d1 34.179 0.382 0.001 0.000
6d1 7s1 16.505 0.154 0.000 0.000
6d1 7s2 5.151 0.051 0.000 0.000
6d2 16.516 0.075 0.001 0.000
6d2 7s1 5.434 0.013 0.000 0.000
6d2 7s2 0.000 0.000 0.000 0.000
6d3 6.503 0.022 0.001 0.000
6d3 7s1 1.206 0.015 0.001 0.000
6d4 3.055 0.051 0.002 0.000

5f1 33.873 0.235 0.071 0.000
5f1 7s1 16.860 0.206 0.080 0.000
5f1 7s2 6.043 0.233 0.085 0.000
5f1 6d1 17.279 0.292 0.065 0.000
5f1 6d1 7s1 6.715 0.328 0.070 0.000
5f1 6d1 7s2 1.645 0.358 0.072 0.000
5f1 6d2 8.113 0.443 0.056 0.000
5f1 6d2 7s1 3.138 0.442 0.059 0.000
5f1 6d3 5.186 0.514 0.048 0.000
5f2 20.073 0.997 0.226 0.001
5f2 7s1 10.028 1.022 0.221 0.001
5f2 7s2 5.327 0.961 0.208 0.001
5f2 6d1 11.628 1.084 0.179 0.001
5f2 6d1 7s1 6.952 0.862 0.164 0.001
5f2 6d2 9.010 0.606 0.112 0.001
5f3 16.336 1.375 0.272 0.001
5f3 7s1 11.444 0.850 0.195 0.001
5f3 6d1 13.081 0.698 0.128 0.001
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appropriate choice of the ECP core is crucial. The validity of the frozen-core approx-
imation can be assessed using AE calculations. Relativistic multi-configuration DHF
(MCDHF) finite-difference calculations based on the Dirac–Coulomb (DC) Hamilto-
nian were performed for Th for a full variational solution aswell as for three types
of core definitions (cf. Table 2.1) [7]. From the chemical point of view the va-
lence electron system of Th consists of four electrons 6d27s2, which corresponds to
a core–valence separation according to orbital energies. However, errors of more than
1 eV in ionization and excitation energies arise, especially if the 5f occupation number
changes. This is due to the fact that the 6s and 6p semi-core orbitals are more diffuse
than the compact 5f shell. Therefore the change of the 5f occupation will lead to a
significant change of the effective nuclear charge for theseorbitals and to a subsequent
relaxation, which is not possible, if these orbitals are included in the ECP core. Fur-
thermore, a weak dependence on the 6d occupation is observed, because this orbital
still has a noticeable radial overlap with the 6s and 6p semi-core orbitals. A much bet-
ter choice is to include the 6s and 6p semi-core orbitals in the valence space leading to
ECPs with 12 valence electrons. In this case the dependence of the frozen-core errors
on the 6d occupation is negligible (at most 0.005 eV), whereas a noticeable systematic
dependence of at most 0.272 eV on the 5f occupation is still present. These findings
can be explained by the radial overlap between the 5f valenceand 5s, 5p, and 5d core
shells. The best choice with respect to the frozen-core error is a small-core approach,
which separates core and valence space on the basis of spatial arguments treating all
electrons with main quantum number larger than four explicitly, i.e. 30 valence elec-
trons. The frozen-core errors are at most 0.001 eV. However,the accuracy of these
small-core potentials is traded against the low computational cost of the large-core po-
tentials (12 valence electrons).
A possible correction for the neglect of static and dynamic core-polarization arising
from the core–valence separation and the frozen-core approximation is the introduction
of CPPs [26], which are especially important for systems with easily polarizable cores
as LPPs. Classically, the core–valence effect is attributed to the polarization of the core
electron system by the valence electrons and other cores. Müller et al. [32,33] proposed
in the framework of AE calculations the use of an effective CPP of the form [7,26]

VCPP = −1

2

∑

I

αI
D
~f 2
I (2.1)

with ~fI = −
∑

i

~riI

r3
iI

ω (riI) +
∑

J 6=I

QJ

~RJI

R3
JI

ω (RJI) (2.2)

and ω(r) =
(

1− exp
(

−δr2
))n

. (2.3)
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HereαI
D denotes the dipole polarizability of the coreI and~fI is the electric field at this

core generated by the valence electrons (at relative positions~riI) and all other cores or
nuclei (with chargesQJ , at relative positions~RJI). Since the validity of the underlying
multipole expansion breaks down for small distances from the coreI, the electric field
~fI has to be multiplied by a cutoff factorω. This ansatz was adapted by the Stuttgart
group [34–36] for the PP case and proved to be quite successful in calculations using
energy-consistent LPPs of main group elements [37, 38], group 11 and 12 transition
metals [39,40], and lanthanides [41].
Another approximation is the replacement of the core electron system via the intro-
duction of an ECP, i.e. the usage of the valence-only model instead of the AE Hamil-
tonian [9]. If, e.g., the Dirac one-particle Hamiltonian (2.9) is substituted by the cor-
responding non-relativistic expression (2.7), relativistic effects are only accounted for
the core electron system by means of the ECP, while valence electrons are treated
non-relativistically. However, it is a widely accepted fact that for not too highly-
charged cores the valence electron system can be treated in aformally non-relativistic
scheme [9].

2.1.3 Model Potential vs. Pseudopotential

One distinguishes two main lines of ECP approaches, i.e. theMP and the PP tech-
niques [7, 26]. The MP approach uses valence orbitals with a nodal structure corre-
sponding exactly to those of the AE valence orbitals and shifts the (now unoccupied)
core-like orbitals to the virtual space. As an additional approximation the PP scheme
(formally) introduces the so-called pseudo-valence-orbital transformation, i.e. atomic
core and virtual orbitals are mixed into the valence orbitals, in order to make these radi-
ally smooth and nodeless for the energetically lowest solution in each angular symme-
try. Although the pseudo-valence-orbitals possess in the chemically inert core region a
simplified nodal structure compared to the AE or MP valence orbitals, their shapes in
the chemically important valence region as well as their one-particle energies should
be similar to the AE case [7].
Experience from several benchmark studies shows that both approaches are able to
yield results in excellent agreement with more rigorous AE methods. However, both
schemes have advantages and disadvantages. The exact nodalstructure of the MP va-
lence orbitals in the core region requires compact basis functions, which are usually
not needed in the description of chemical bonding. Therefore considerable savings
with respect to the one-particle basis set can be achieved, if the explicit requirement
of core–valence orthogonality is given up, introducing pseudo-valence-orbitals with
simplified nodal structure by including the necessary corrections into the valence-only
model Hamiltonian. However, pseudo-valence-orbitals tend to give too large valence



12 CHAPTER 2 THEORY

correlation energies as well as too large multiplet splittings, since the exchange inte-
grals involving these orbitals are overestimated. In practice the accuracy of correlation
energies from PP calculations is not worse than that from MP calculations and es-
pecially correlation contributions to energy differencesas binding energies are well
reproduced due to the modern PP parameterization [26].

2.1.4 Relativistic Treatment

In general the task of quantum chemistry is to solve the time-dependent Schrödinger
equation

ĤΨ = i~
∂

∂t
Ψ , (2.4)

whereΨ(x, y, z, t) is the wave function, which contains all informations about a sys-
tem. Fortunately, for many applications of quantum mechanics to chemistry the cal-
culation of stationary statesψ(x, y, z) is sufficient, i.e. the solution of the simpler
time-independent Schrödinger equation

Ĥψ = Eψ (2.5)

is needed, in order to determine the energy eigenvalueE [42]. Supposing that the
movement of the nuclei are negligible compared to that of theelectrons (Born–Oppen-
heimer approximation) and that there are no external fields,the Hamiltonian1 Ĥ for
a system consisting ofn electrons with indicesi, j andN nuclei with chargesQ and
indicesI, J is given by

Ĥ =

n
∑

i=1

ĥ(i) +

n
∑

i<j

ĝ(i, j) +

N
∑

I<J

QIQJ

RIJ
. (2.6)

For the one-̂h and two-particlêg operators various expressions can be inserted, e.g.
non-relativistic, quasirelativistic, or relativistic aswell as AE or valence-only formu-
lations [26]. The last term of (2.6) corresponds to the nucleus–nucleus repulsion with
RIJ being the distance between (point-charge) nucleiI andJ . This potential energy
is independent of the electronic wavefunction, i.e. it is a constant for a given nuclear
configuration. Thus, the internuclear repulsion can be omitted from (2.5), and after
finding the energy eigenvalue, it can be added to yield the total energy [42].
How far ECPs include relativistic effects depends on the Hamiltonian chosen to calcu-
late the AE reference data. For the non-relativistic Hamiltonian [43] the one-particle
operator̂h is the Schrödinger Hamiltonian

ĥS(i) = −1

2
∆i −

N
∑

I=1

QI

riI
(2.7)

1All formulas are given in atomic units (a.u.).
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and the two-particle operator̂g corresponds to the electrostatic Coulomb interaction
between electrons

ĝC(i, j) =
1

rij
. (2.8)

The first term ofĥS describes the kinetic energy of the electron, while the second
one corresponds to the electron–nucleus attraction withriI being the distance between
electroni and (point-charge) nucleusI. This non-relativistic Hamiltonian is the basis
of the HF method (cf. Sect. 2.2.1) and yields non-relativistic ECPs, if used to calculate
the reference data.
The most accurate Hamiltonian nowadays is based on the Diracone-particle Hamilto-
nian [7]

ĥD(i) = c~̂αi~̂pi + (β̂ − I4)c2 −
N
∑

I=1

QI

riI

, (2.9)

where the rest energy of the electronc2 was subtracted, in order to have the same
zero of energy as in the non-relativistic case. In this equation c is the light velocity,
~̂pi = −i~∇i corresponds to the momentum operator for thei-th electron, andI4 denotes
the 4×4 unit matrix. ~̂αi is a three-component vector, whose elements together withβ̂

are the 4×4 Dirac matrices

~̂α =

(

0 ~̂σ

~̂σ 0

)

and β̂ =

(

I2 0

0 −I2

)

. (2.10)

These can be expressed in terms of the three-component vector of the 2×2 Pauli ma-
trices~̂σ

σ̂x =

(

0 1

1 0

)

, σ̂y =

(

0 −i
i 0

)

, σ̂z =

(

1 0

0 −1

)

, (2.11)

and the 2×2 unit matrixI2. In contrast to the Dirac one-particle Hamiltonian (2.9),
which is exact to all orders of the fine-structure constantα=1/c, only approximate
expressions are known for the two-particle termĝ [7]. If this term is chosen to be
the non-relativistic Coulomb interaction (2.8), the DC HamiltonianĤDC correct to the
zero-order of the fine-structure constant

ĤDC = ĥD(i) + ĝC(i, j) (2.12)

is obtained. The DHF as well as the MCDHF method are based on this Hamiltonian,
which can be used to adjust relativistic ECPs. In addition the magnetic interaction and
the retardation of the interaction due to the finite light velocity can be included using
the frequency-independent Breit interaction [7]

ĝCB(i, j) =
1

rij
− ~̂αi~̂αj

2rij
− (~̂αi~rij)(~̂αj~rij)

2r3
ij

. (2.13)
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The Dirac–Coulomb–Breit (DCB) Hamiltonian

ĤDCB = ĥD(i) + ĝCB(i, j) (2.14)

is correct to the second-order of the fine-structure constant. The contributions of
higher-order corrections, e.g. the vacuum polarization orself-energy of the electron,
can be derived from quantum electrodynamics, but are usually neglected. Since the
Breit interaction is small compared to the relativistic effects of the Dirac one-particle
operator (2.9), often it is not treated variationally, but rather perturbatively after a vari-
ational treatment of the DC Hamiltonian [7]. The 5f-in-valence uranium SPP [16]
tested in this work was adjusted to such four-component AE MCDHF/DCB data [44]
using a Fermi two parameter nucleus charge distributionρ(r) [44,45]

ρ(r) = [1 + exp((r − Rnuc)/t)]
−1 . (2.15)

The nuclear radius is derived from the nuclear massM by Rnuc = 0.836 · 10−15 m ·
M1/3 + 0.570 · 10−15 m, and the skin depth ist = 2.30 · 10−15 m.
However, the four-component methods face several difficulties due to the Dirac one-
particle Hamiltonian (2.9), because it is not bounded from below and gives rise to
so-called electronic and positronic states [7]. Thereforean energy-variation without
additional precautions could lead to a variational collapse of the desired electronic so-
lution into the lower-energy positronic states [26]. Additionally, at the many-electron
level an infinite number of unbound states with one electron in the positive and one in
the negative continuum are degenerate with the desired solution having all electrons in
bound electronic states [7]. A mixing-in of these unphysical states is possible without
changing the energy and might lead to the so-called continuum dissolution or Brown–
Ravenhall disease [26]. Both problems are avoided by projecting the Hamiltonian onto
the electronic states by means of suitable operatorsP̂+. So the no-pair Hamiltonian

Ĥnp = P̂+ĤP̂+ (2.16)

is obtained, which is approximate due to the underlying DCB Hamiltonian as well as
the approximate nature of the DHF or MCDHF based projection operatorsP̂+ [7].
Because of these difficulties PPs are often adjusted to quasirelativistic reference data,
e.g., obtained using the WB method [46], which works within the LS coupling scheme.
The 5f-in-core [20,29,30] and 4f-in-core [17,18,28] LPPs adjusted and/or investigated
in this thesis are one-component quasirelativistic PPs based on AE WB reference data.
Within the central field approximation, where the electron–nucleus attractionV (r) is
spherically symmetric, for a one-electron atom one obtainsthe radial WB equation by
elimination of the small components from the Dirac equation[26]

(

ĥS + ĥMV + ĥD + ĥSO

)

Pnκ(r) = ǫnκPnκ(r) . (2.17)
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In this second-order differential equation for the large componentsPnκ(r) besides the
non-relativistic Schrödinger Hamiltonian

ĥS = −1

2

d2

dr2
+
l(l + 1)

2r2
+ V (r) (2.18)

three energy-dependent relativistic terms occur, i.e. a mass-velocityĥMV , a Darwin
ĥD, and a SÔhSO term

ĥMV = −α
2

2
[ǫnκ − V (r)]2 , ĥD = −α

2

4

dV

dr
Bnκ

(

d

dr
− 1

r

)

, (2.19)

ĥSO = −α
2

4

dV

dr
Bnκ

κ+ 1

r
, Bnκ =

(

1 +
α2

2
[ǫnκ − V (r)]

)−1

.

Equation (2.17) can be solved iteratively and yields the exact (electronic) eigenval-
uesǫnκ of the corresponding Dirac equation. Averaging over the relativistic quantum
numberκ

κ =

{

−(l + 1) for j = l + 1/2

l for j = l − 1/2
(2.20)

leads to a scalar-relativistic scheme.

2.1.5 Valence-only Model Hamiltonian

In ECP theory an effective model Hamiltonian approximationfor the no-pair Hamil-
tonianĤnp (2.16) is searched, which only acts on the electronic statesformed by the
valence electrons. Several choices exist for such a valence-only model Hamiltonian,
i.e. four-, two-, or one-component approaches and explicitor implicit relativistic treat-
ment. Since a reasonable compromise between accuracy and efficiency is desired,
normally the one-component (scalar-relativistic) treatment and the implicit relativistic
treatment by ECPs using a non-relativistic Hamiltonian areused. The formally non-
relativistic valence-only model Hamiltonian for a system with nν valence electrons
andN cores with effective core chargesQ is given as [26]

Ĥν = −1

2

nν
∑

i=1

∆i +

N
∑

I=1

V I
cν(riI) +

nν
∑

i<j

1

rij
+

N
∑

I<J

QIQJ

RIJ
+ VCPP . (2.21)

Here, the subscriptsν andc denote valence and core, respectively, andVCPP is a CPP
(2.1). The number of valence electrons treated explicitly in the calculations corre-
sponds to

nν = n−
N
∑

I

(ZI −QI) , (2.22)
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whereZI andQI denote the atomic number and the effective core charge of core I,
respectively. The scalar-relativistic one-component ECPV I

cν describes the interaction
of the valence electrons with coreI and its semilocal form is

V I
cν(riI) = −

nν
∑

i=1

QI

riI

+
nν
∑

i=1

V PP
I (riI) = −

nν
∑

i=1

QI

riI

+
nν
∑

i=1

lmax
∑

l=0

∑

k

AI
lkexp(−aI

lkr
2
iI)P̂

I
l .

(2.23)
The PPsV PP

I are represented as linear combinations ofk Gaussians for each angular
quantum numberl included in the core, and

P̂ I
l =

l
∑

ml=−l

|Ilml〉〈Ilml| (2.24)

is the projection operator onto the Hilbert subspace of coreI with angular quantum
numberl.
While the f-in-core PPs [17,18,20,28–30] are of this scalar-relativistic one-component
type, the 5f-in-valence PP for uranium [16] is a quasirelativistic (including SO cou-
pling) two-component (semilocal) PP of the form [10]

V I
cν(riI) =

L−1
∑

l=0

l+1/2
∑

j=|l−1/2|

V I
lj(riI)P̂

I
lj . (2.25)

At the non-relativistic HF level all orbitals belonging to ashell with main quantum
numbern and angular quantum numberl are degenerate, thus leading to a PP depend-
ing on l by means of a projection operator̂P I

l based on spherical harmonics. At the
relativistic DHF level the degeneracy is reduced and depends additionally ton and l
on the total angular momentumj of the orbital (or spinor), i.e. here the PP depends on
l andj by means of a projection operator̂P I

lj set up with spinor spherical harmonics
|Iljmj〉 [10]

P̂ I
lj =

j
∑

mj=−j

|Iljmj〉〈Iljmj| . (2.26)

The relativistic PP (2.25) may be written as the sum of a spin-free averaged and a
spin-dependent SO-term [10]

V I
cν(riI) = V I

cν,avg(riI) + V I
cν,SO(riI) , (2.27)

where

V I
cν,avg(riI) =

(l + 1)V I
l,l+1/2(riI) + lV I

l,l−1/2(riI)

2l + 1
(2.28)
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and

V I
cν,SO(riI) =

L−1
∑

l=1

V I
l,l+1/2(riI)− V I

l,l−1/2(riI)

2l + 1

[

lP̂ I
l,l+1/2 − (l + 1)P̂ I

l,l−1/2

]

. (2.29)

The semilocal termsV I
lj of the two-component PP (2.25) are as usual represented as

linear combinations ofk Gaussians [47]

V I
lj (riI) =

∑

k

BI
ljkexp

(

−bIljkr2
iI

)

. (2.30)

2.1.6 Energy Adjustment

Among the PPs one may distinguish shape-consistent and energy-consistent PPs. While
the former are adjusted to orbital data (orbital shape in thevalence region and orbital
energy) of one reference configuration, the latter rely on the AE total valence energies
of all chemical important configurations of the neutral atomand its low-charged ions,
which are quantum mechanical observables [7]. Thus, energy-consistent PPs better
account for the transferability of the core orbitals, the so-called frozen-core approxi-
mation (cf. Sect. 2.1.2).
The energy adjustment consists of three steps [7]. First, the reference configurations
I are chosen and their total energiesEAE

I are determined using an AE method. Next
the AE total valence energiesEAE,V

I are derived by subtracting the core energy from
the total energiesEAE

I . Finally, the free parameters (coefficients and exponents of the
Gaussians) of the PP are adjusted by a least-squares fit to thetotal valence energies of
the reference states. In the case of the WB f-in-core LPPs thesum of weighted-squared
errors in the total valence energiesEPP

I with respect to the unmodified (∆Eshift=0)
AE total valence energiesEAE,V

I is minimized

∑

I

(

ωI [E
PP
I − EAE,V

I + ∆Eshift]
2
)

:= min . (2.31)

The weightsωI are typically chosen to be equal for all reference configurations, and
the requirements for the accuracy are 0.1 eV for the total valence energies of many-
electron configurations with one or two Gaussians per radialpotential of eachl-value
included in the core [10].
In contrast to this for the adjustment of the MCDHF/DCB 5f-in-valence uranium SPP
a global valence energy shift∆Eshift was introduced as an additional adjustable pa-
rameter (cf. Fig. 2.1) [10, 16, 47]. Whereas the restrictionto ∆Eshift=0 implied that,
e.g., the ground state valence energy equals the sum of all IPs leading from the neutral
atom to the core-electron system, this is not the case for thenew fitting procedure.
Here only the sum of all IPs leading from the neutral atom to the most highly ionized
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system included in the adjustment is reproduced correctly.The shift typically amounts
to 1% or less of the ground state total valence energy and can improve the accuracy
of the adjustment by one or two orders of magnitude, e.g. for the adjustment of the
U SPP with up to four Gaussians in each radial potential an accuracy of better than
0.01 eV for configurational averages was achieved (cf. Fig. 3.22) [16]. Furthermore,
thanks to∆Eshift the adjustment to higher ionized states even with holes in core and
semi-core orbitals becomes possible.
The shift can also be viewed as a shift of the AE core energy as shown in Fig. 2.1
for the uranium SPP with 60 core and 32 valence electrons, respectively [10]. Since
the bare core position relative to the valence states is not expected to be overly rel-
evant for chemical processes, this shift changing the reference energies can be justi-
fied [48]. Moreover, it is obvious that the quantities of interest as the electron affinity,
IPs, and excitation energies, i.e. all possible energy differences between configurations
included as references remain unchanged [10].

Figure 2.1: Schematic presentation of the reference data (red arrows) as well as the
data usually of interest (green bars) in the energy adjustment of the U 5f-
in-valence SPP. In contrast to the old WB for the new MCDHF/DCB SPP
a shift of the core energy∆Eshift was included in the adjustment (Fig. 1.2
from [10] modified for the U SPP).
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2.2 Quantum Mechanical Methods

In general computational chemistry tries to solve the time-independent non-relativistic
Schrödinger equation (2.5), in order to determine the energy eigenvalue and other
physical properties of an atom or molecule. The four main approaches are ab initio
methods, semiempirical methods, DFT, and molecular-mechanics [42]. Semiempir-
ical methods as the Hückel molecular orbital method use a simplified Hamiltonian
and parameters, which are adjusted to experimental data or the results of ab initio
calculations. In contrast an ab initio wave function based calculation applies the cor-
rect Hamiltonian and does not use any experimental data. TheDFT calculates the
electronic energy using the electron probability density instead of the wave function.
Molecular-mechanics, however, are not quantum mechanicalmethods, because they
do not deal with a Hamiltonian, wave function, or electron density, but view molecules
as a collection of atoms held together by bonds and express the energy in terms of force
constants for bond bending and stretching and other parameters. Because molecular-
mechanics are much faster than quantum mechanical calculations, systems with up to
ten thousand atoms can be treated, wherefore these methods are, e.g., applied to deter-
mine solvation effects.
For the ab initio wave function based methods the exact relation between the wave
functionψ and the energy eigenvalueE is the well-known (non-relativistic) Hamilto-
nian (cf. (2.6)–(2.8)). However, the wave functionψ(x1, y1, z1, σ1, ...) depends on
4n variables, i.e. the three spatial coordinates and the spinσ of then electrons. Since
the Hamiltonian contains only one- and two-electron spatial terms, the molecular en-
ergy can be calculated by integrals involving only six spatial coordinates [42]. Thus,
the wave function comprises more information than needed. In 1964 Hohenberg and
Kohn proved that for molecules the ground state energy, wavefunction, and all other
electronic properties are uniquely determined by the ground state electron probability
densityρ0(x, y, z), which is a function of three coordinates (Hohenberg–Kohn theo-
rem) [49]. However, in the case of DFT the functional relation between the electronic
energyE0 and the electron probability densityρ0 is not known and has to be approxi-
mated.
In the following the applied (non-relativistic) ab initio methods (the HF method, con-
figuration interaction (CI), the multi-configuration self-consistent field (MCSCF) me-
thod, the second-order Møller–Plesset perturbation theory (MP2), and the coupled
cluster (CC) theory) as well as the DFT will be described in detail. The Born–Oppen-
heimer approximation (cf. Sect. 2.1.4) is assumed to hold and thus only the solution
of the electronic Schrödinger equation for a given nuclear configuration is shown.
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2.2.1 Hartree–Fock Method

The Schrödinger equation for a many-electron system (cf. (2.5)–(2.8)) cannot be
solved exactly due to the electron–electron repulsion (2.8), which couples the motions
of the electrons and thus makes a separation of this Schrödinger equation impossible.
However, supposed that each electron moves in the average field of the others

n
∑

i<j

1

rij

→
n
∑

i=1

ν̂HF (i) , (2.32)

the problem can be decoupled. Due to this approximation then-electron wave function
ψ(1, 2, ...,n) is factorized inton independent one-electron wave functions so-called
(spin)orbitalsφi. In the HF method then-electron wave function is approximated by a
Slater determinant

Φ =
1√
n!

n!
∑

k=1

(−1)pkP̂k

n
∏

i=1

φi(i) , (2.33)

which accounts for the fact that electrons are indistinguishable and which satisfies the
Pauli principle, i.e. the requirement that the wave function must be antisymmetric with
respect to interchange of any two electrons [42]. HereP̂k is the permutation operator,
which constitutes alln! possible configurations of then electrons in then orthonormal
spinorbitalsφi. pk accounts for the antisymmetry requirement, i.e. it corresponds to
the number of interchanges needed to get thekth permutation. Forn orthonormal
spinorbitals (〈φi|φi〉=δij) the normalization constant is1/

√
n!.

In order to determine the spinorbitals, the variation theorem is exploited, i.e. the fact
that any (normalized) trial functioñψ0 yields an energy expectation valuẽE0, which is
larger or in the best case (ψ̃0 = ψ0) equal to the true ground state energyE0 calculated
using the exact (normalized) ground state wave functionψ0

E0 = 〈ψ0|Ĥ|ψ0〉 ≤ 〈ψ̃0|Ĥ|ψ̃0〉 = Ẽ0 . (2.34)

Thus, the variation theorem allows to calculate an upper bound to the true ground
state energy of the system. The best trial function or Slaterdeterminant is obtained by
varying the spinorbitalsφi to minimizeẼ0 (∂Ẽ0/∂φi = 0).
Turning points of a function subject to constraints can be assigned using the method
of Lagrange multipliers. For the minimum of̃E0 with the constraint of orthonormal
spinorbitals, one getsn one-electron equations, the so-called HF equations

f̂φi = ǫiφi . (2.35)

Since the Fock operator

f̂ = −1

2
∆i −

N
∑

I=1

QI

riI

+ v̂HF (i) = −1

2
∆i −

N
∑

I=1

QI

riI

+
n
∑

j=1

[

Ĵj(i)− K̂j(i)
]

(2.36)
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depends on its solutions, i.e. the spinorbitalsφi, the spinorbital energiesǫi can only
be determined iteratively using a self-consistent field (SCF) procedure. The sum of
the third term involves all occupied spinorbitalsj, and the CoulombJij and exchange
integralsKij corresponding to the Coulomb̂Jj and exchangêKj operators are given
by

Jij = 〈φi|Ĵj|φi〉 =

∫ ∞

−∞

∫ ∞

−∞

φ∗
i (1)φ∗

j(2) 1
r12
φi(1)φj(2)dτ1dτ2 (2.37)

and

Kij = 〈φi|K̂j|φi〉 =

∫ ∞

−∞

∫ ∞

−∞

φ∗
i (1)φ∗

j(2) 1
r12
φj(1)φi(2)dτ1dτ2 , (2.38)

respectively. While the Coulomb operator accounts for the electrostatic Coulomb in-
teraction between electrons, the exchange operator takes into account the effects of
spin correlation [50], i.e. it includes the reduction of theCoulomb energy due to the
fact that electrons with identical spins cannot occupy the same position. Since fori=j
Coulomb and exchange integrals are equal (Jii=Kii), the electron self-interaction is
eliminated fromv̂HF .
Whereas the HF equations for atoms can still be solved numerically, an additional ap-
proximation is needed to calculate molecular wave functions, i.e. the representation of
spinorbitalsφi as linear combinations of basis functionsχk proposed by Roothaan in
1951 [42]

φi =
kmax
∑

k=1

ckiχk . (2.39)

The expansion coefficientscki are determined by the SCF procedure. The more basis
functions are utilized, the more accurate is the HF solution, which for an infinite num-
ber of basis functions (kmax=∞) would correspond to the exact numerical solution,
the HF limit. If kmax is large enough and the basis functionsχk are well chosen, the
spinorbitals are represented with negligible error [42].
The introduction of basis functions leads to the Roothaan equation

F C = S C ǫ , (2.40)

which is a matrix equation, whereF , C, andS correspond to the Fock, coefficient,
and overlap square matrices, respectively, andǫ is a diagonal square matrix of the
spinorbital energiesǫi. Since the basis functionsχi are not orthogonal, the overlap
matrix S arises in (2.40), wherefore this equation is not a usual matrix eigenvalue
problem. However, the basis functions can be orthogonalized using, e.g. the Schmidt
procedure, i.e. the overlap matrix becomes a unit matrix andthe simpler equation

F̃ C̃ = C̃ ǫ (2.41)
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is obtained [42]. Thus, instead of the complicated integro-differential equations (2.35)–
(2.38) only a matrix eigenvalue problem (2.41) has to be solved using the Roothaan–
Hall formalism.
After iterative determination ofǫ and thus of the spinorbital energiesǫi, the total HF
energy is calculated by

EHF =
n
∑

i=1

ǫi −
n
∑

i<j

(Jij −Kij) +
N
∑

I<J

QIQJ

RIJ

. (2.42)

Here the second term avoids that the electron–electron repulsion is counted twice, and
the third term corresponds to the so far neglected nucleus–nucleus repulsion. The HF
energyEHF is typically by ca. 0.5% too large, wherefore quantitative conclusions, e.g.
for binding energies, cannot be drawn [42]. The reason for this deviation is that only
the mean interaction between electrons with different spins is taken into account, while
the spin correlation, i.e. the deviations from a mean interaction between electrons with
equal spins, is considered almost correctly. Therefore theexact non-relativistic energy
of the system is overestimated by the correlation energyEcorr, which is mainly the
difference between the exact and the mean repulsion betweenelectrons with opposite
spins

Ecorr := Eexakt −EHF ≤ 0 . (2.43)

In the following, methods as CI, MCSCF, MP2, CC, and DFT will be presented, which
account for this correlation energy.

2.2.2 Configuration Interaction

One way to include the correlation energyEcorr is the application of a wave function
composed of more than one Slater determinant (configuration). The CI trial function
ψ̃0 is represented by a linear combination of configuration state functions (CSFs)Φa,
which are Slater determinants or linear combinations of a few Slater determinants [42]

ψ̃0 =

m
∑

a=0

daΦa . (2.44)

This ansatz accounts for the mixing between the ground stateand excited states, and
the expansion coefficientsda can be determined variationally by minimizing the energy
expectation valuẽE0 exploiting the variation theorem (2.34) [50]. The constraint of
orthonormal CSFsΦa yields a usual matrix eigenvalue problem

H~d = ECI
~d . (2.45)
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The configurationsΦa are built by distributing the electrons among the self-consistent
spinorbitalsφi obtained by a HF calculation. The number of spinorbitals corresponds
to the number of basis functionsχk, wherefore it is limited. If all possible configu-
rationsΦa are used for a given finite basis set, the calculation is called full CI [50].
Using an infinite one-particle basis set (kmax=∞ in (2.39)) and all corresponding con-
figurations, the full CI method would yield the exact wave functionψ0 and energyE0.
However, the practical solution for an infinite basis set is not possible, because there
are infinite numbers of expansion coefficientscki andda.
Since full CI is only feasible for small molecules and basis sets, one needs criteria,
which allow a reasonable choice of CSFs [50]. A systematic approach to the selection
of CSFs is to include all those configurations, which differ from the leading or HF con-
figurationΦ0, which has the largest expansion coefficientda, by no more than some
spinorbitals. The CSFs are classified by the number of electrons excited from occupied
to virtual (unoccupied) spinorbitals ofΦ0, i.e. singles (S)ΦS, doubles (D)ΦD, triples
(T) ΦT , ... correspond to configurations, for which one, two, three, ... electrons in
occupied spinorbitals were promoted to virtual spinorbitals, respectively. For closed-
shell systems Brillouin’s theorem indicates that Hamiltonian matrix elements between
the leadingΦ0 and singly excited configurations are identically zero (〈Φ0|Ĥ|ΦS〉=0),
i.e. singles do not mix (directly) with the HF configuration.Furthermore, Hamiltonian
matrix elements between configurations differing by more than two spinorbitals van-
ish, i.e. all configurations more than doubly excited do not contribute (directly) to the
HF configuration. Thus, a first approach is the limitation of excited configurations to
doubles. However, in general singles are also included, because they mix with doubles
and thus have a non-zero effect on the calculations. Moreover, some properties as the
dipole moment are affected by singles. Therefore in most of the CI calculations the
HF configuration as well as singles and doubles are used (CISD).

2.2.3 Multi-configuration Self-consistent Field Method

In contrast to CI in the MCSCF method at least two equivalent CSFs with similar
expansion coefficientsda are used [51]. While in the CI methods the expansion coeffi-
cientscki of (2.39) are determined in a previous HF calculation and held fixed in the CI
calculation, both sets of expansion coefficientscki andda of (2.44) are simultaneously
optimized in the MCSCF method [50]. The MCSCF method yields asmaller energy
eigenvalue than CI, because the expansion coefficientscki are optimal for the MCSCF
and not for the HF wave function. However, the MCSCF method iscomputationally
demanding and often not feasible.
One way to make the MCSCF method efficient is to divide the spinorbitals into ac-
tive and inactive orbitals [51]. The inactive orbitals composed of the lowest energy
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spinorbitals are kept doubly occupied in all CSFs, which arebuilt by distributing the
remaining active electrons among the active orbitals. If all possible configurations are
taken into account, the complete active space SCF (CASSCF) method is obtained.
In this thesis the MCSCF method was used to avoid symmetry-breaking at the or-
bital level, since the program MOLPRO [52] is limited to theD2h point group and
subgroups. If, e.g., a configuration with a single p electronhas to be calculated, the
electron can either occupy the px, py, or pz orbital leading to different spatial symme-
tries and thus different statesψx, ψy, andψz [19]. Since the occupation of an orbital
lowers its energy, in the case of, e.g.,ψx only the py and pz orbitals are degenerate,
while the px orbital is energetically lower. Using the state-averaged MCSCF method
the degeneracy of the p orbitals can be described correctly by optimizing the three
statesψj (j=x, y, z) simultaneously in the same orbital basis. The trial wave functions
of the three states̃ψj are given as linear combinations of three Slater determinants Φi

(i=x, y, z)
ψ̃j =

∑

i

dijΦi . (2.46)

The expansion coefficientsdij of (2.46) andcki of (2.39) are varied to minimize the
energy for the averaged electron density of the three statesψj (j=x, y, z), whereby
each p orbital is occupied by one third.

2.2.4 Coupled Cluster Theory

The CC method account for the mixing between the leading or HFconfigurationΦ0

and excited configurations by the following ansatz for the trial wave function [42]

ψ̃0 = eT̂ Φ0 := Φ0 + T̂Φ0 +
1

2!
T̂ 2Φ0 +

1

3!
T̂ 3Φ0 + ... =

∞
∑

k=0

T̂ k

k!
Φ0 . (2.47)

The exponential operatoreT̂ is defined by the Taylor-series expansion and the cluster
operatorT̂ is

T̂ := T̂1 + T̂2 + T̂3 + ...+ T̂n , (2.48)

wheren is the number of electrons in the system, and the one-particle excitation op-
eratorT̂1, the two-particle excitation operator̂T2, etc. convert the Slater determinant
Φ0 into linear combinations of all possible singlesΦS , doublesΦD, etc. Since at most
n electrons can be excited, no operators beyondT̂n occur in (2.48). In order to avoid
duplication of any excitation, the operatorsT̂i generate only determinants with excita-
tions from those spinorbitals, which are occupied in the leading determinantΦ0 and not
from virtual spinorbitals. Thus,̂T 2

1 Φ0 contains only doubly, and̂T 2
2 Φ0 only quadruply

excited configurations.
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Analogous to the full CI method the CC wave function (2.47) isa linear combination
of the leading configurationΦ0 and all possible excitations of then electrons from
occupied to virtual spinorbitals. The aim of both methods CIand CC is to determine
the expansion coefficients. However, due to the exponentialansatz the solution of the
non-linear CC equations is much more complicated than that of the matrix eigenvalue
problem (2.45). Advantages of the CC over the CI method only occur if approxi-
mations with respect to the included excitations are taken into account. For example
the restriction to doubly excited determinants gives the following CCD and CID wave
functions

ψCCD = Φ0 + T̂2Φ0 +
1

2
T̂ 2

2 Φ0 +
1

6
T̂ 3

2 Φ0 + . . . (2.49)

and ψCID = Φ0 + T̂2Φ0 , (2.50)

respectively. While the CI wave function includes only the leading configurationΦ0

and double excitationsΦD, the CC wave function contains additionally quadruple, hex-
tuple, etc. excitations beside these configurations. However, the treatment of the higher
excitations is only approximate, because the expansion coefficients are optimized for
double excitations and the coefficients of, e.g., the quadruply excited determinants are
determined as products of these coefficients [42].
From the discussion in Sect. 2.2.2 it is known that the most important excitations
are doubles and that singles play an important role for some properties as the dipole
moment. Thus, the cluster operator (2.48) is often truncated to include only singles
and doubles yielding the so-called CCSD method. Most widelyused is the CCSD(T)
method, where in addition triples are treated perturbatively.

2.2.5 Second-order Møller–Plesset Perturbation Theory

Perturbation theory is the second major quantum mechanicalapproximation method
besides variation theory. This method is based on the assumption that the Hamiltonian
for a trueĤ and simplerĤ0 model system differ only slightly by a perturbation̂H ′ [42]

Ĥ = Ĥ0 + Ĥ ′ . (2.51)

The simpler system with Hamiltonian̂H0 is the so-called unperturbed system

Ĥ0ψ(0)
s = E(0)

s ψ(0)
s , (2.52)

whereE(0)
s andψ(0)

s are the unperturbed energy and wave function of states, respec-
tively. The task of perturbation theory is to relate the unknown eigenvaluesEs and
eigenfunctionsψs of the perturbed system

Ĥψs = Esψs (2.53)



26 CHAPTER 2 THEORY

to the known eigenvalues and eigenfunctions of the unperturbed system [42]. The
HamiltonianĤ of the true or perturbed system can be written as

Ĥ = Ĥ0 + λĤ ′ . (2.54)

Since the Hamiltonian̂H depends onλ, the perturbed wave functionψs and energyEs

depend also onλ
ψs = ψ(0)

s + λψ(1)
s + λ2ψ(2)

s + ... (2.55)

Es = E(0)
s + λE(1)

s + λ2E(2)
s + ... (2.56)

The unperturbed wave functionψ(0)
s and energyE(0)

s are corrected by terms that are of
various orders in the perturbation. The correction termsψ

(1)
s andE(1)

s , ψ(2)
s andE(2)

s ,
etc. are called first-order, second-order, etc. correctionto the wave function and en-
ergy, respectively. For a small perturbationĤ ′ the consideration of the first few terms
of the series will give a good approximation to the true wave function and energy [42].
The application of this method to systems of many interacting particles is called many-
body perturbation theory. In 1934 Møller and Plesset proposed a many-body perturba-
tion treatment, where the unperturbed wave function corresponds to the HF function.
This form of the many-body perturbation theory is called Møller–Plesset perturbation
theory [42].
For the ground state of closed-shell molecules the HF equations (2.35) for electronm
in an-electron molecule are

f̂(m)φi(m) = ǫiφi(m) (2.57)

with f̂(m) = −1

2
∆m −

N
∑

I=1

QI

rmI

+
n
∑

j=1

[

Ĵj(m)− K̂j(m)
]

. (2.58)

The Møller–Plesset unperturbed Hamiltonian corresponds to the sum of the one-electron
Fock operatorŝf(m)

Ĥ0 =

n
∑

m=1

f̂(m) , (2.59)

and the HF ground state wave functionΦ0 (2.33) is an eigenfunction of̂H0 with eigen-
valueE(0)

0 given by the sum of spinorbital energiesǫm

Ĥ0Φ0 =

(

n
∑

m=1

ǫm

)

Φ0 = E
(0)
0 Φ0 . (2.60)

The eigenfunctions of the unperturbed HamiltonianĤ0 are the zero-order wave func-
tions and correspond to all possible Slater determinants formed by distributing then
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electrons among the spinorbitalsφi. The perturbation̂H ′ is the difference between the
trueĤ and unperturbed̂H0 Hamiltonian (cf. (2.51)) and corresponds to the difference
between the true and the HF electron–electron repulsion, which is an average poten-
tial [42].
The HF energyEHF is the expectation value associated with the ground state wave
functionΦ0 and is equivalent to the sum of the unperturbed energyE

(0)
0 and its first-

order correctionE(1)
0

EHF = 〈Φ0|Ĥ|Φ0〉 = 〈Φ0|Ĥ0 + Ĥ ′|Φ0〉 = 〈Φ0|Ĥ0|Φ0〉+ 〈Φ0|Ĥ ′|Φ0〉

= 〈ψ(0)
0 |Ĥ0|ψ(0)

0 〉+ 〈ψ
(0)
0 |Ĥ ′|ψ(0)

0 〉 = E
(0)
0 + E

(1)
0 , (2.61)

because the unperturbed wave functionψ
(0)
0 is chosen to be the HF ground state wave

functionΦ0. Thus, to improve the HF energy, one has to include at least the second-
order energy correction

E
(2)
0 =

∑

s 6=0

〈ψ(0)
s |Ĥ ′|Φ0〉〈Φ0|Ĥ ′|ψ(0)

s 〉
E

(0)
0 − E

(0)
s

=
∑

s 6=0

∣

∣

∣
〈ψ(0)

s |Ĥ ′|Φ0〉
∣

∣

∣

2

E
(0)
0 − E

(0)
s

. (2.62)

Here the unperturbed functionsψ(0)
s are all possible Slater determinants except forΦ0,

i.e. singlesΦS, doublesΦD, ... Therefore the effect of the perturbation is to mix-in
contributions from other (excited) states [42].
From the discussion in Sect. 2.2.2 it is known that only the doubly excited determi-
nantsΦD have non-zero Hamiltonian matrix elements withΦ0 and thus only doubles
contribute toE(2)

0 . The eigenvalues of doublesΦD differ from the eigenvalue of the HF
ground state wave functionΦ0 solely by replacement of the energies of two occupied
spinorbitalsǫi andǫj by those of two virtual spinorbitalsǫa andǫb. Hence in (2.62)
E

(0)
0 −E

(0)
s = ǫi + ǫj − ǫa − ǫb, because the other spinorbitals vanish

E
(2)
0 =

vir
∑

a<b

occ
∑

i<j

∣

∣〈ab|r−1
12 |ij〉 − 〈ab|r−1

12 |ji〉
∣

∣

2

ǫi + ǫj − ǫa − ǫb
, (2.63)

where 〈ab|r−1
12 |ij〉 =

∫ ∫

φ∗
a(1)φ∗

b(2)r−1
12 φi(1)φj(2)dτ1dτ2 . (2.64)

Hereφi andφj denote occupied andφa andφb virtual spinorbitals. Taking the molec-
ular energy as

E0 ≈ E
(0)
0 + E

(1)
0 + E

(2)
0 = EHF + E

(2)
0 , (2.65)

gives a MP2 calculation, where the two indicates inclusion of energy corrections up
to second-order. In addition to the basis set truncation error of the previous HF cal-
culation, i.e. the usage of an incomplete basis set, an errordue to truncation of the
Møller–Plesset perturbation energy atE

(2)
0 occurs.



28 CHAPTER 2 THEORY

2.2.6 Density Functional Theory

The foundation for DFT was created by Hohenberg and Kohn in 1964 by proving that
the electron densityρ0(x, y, z) of the ground state contains all necessary informations
to determine the ground state energy, wave function, and allother electronic properties
(Hohenberg–Kohn theorem) [49]. Thus, the ground state electronic energyE0 is a
functional ofρ0

E0 = E0[ρ0] , (2.66)

where the square brackets denote a functional relation [42]. The electron probability
densityρ is the probability of finding any of then electrons (with arbitrary spinσ)
within the volumed~r1 and is defined as

ρ(x, y, z) = ρ(~r1) = n

∫

...

∫

ψ∗ψdσ1dτ2...dτn (2.67)

with dτi := d~ridσi and ψ = ψ(~r1, ~r2, ..., ~rn, σ1, σ2, ..., σn) . (2.68)

The purely electronic Hamiltonian̂H is given by

Ĥ = T̂ + V̂eN + V̂ee = −1

2

n
∑

i=1

∆i −
n
∑

i=1

N
∑

I=1

QI

riI

+
n
∑

i<j

1

rij

. (2.69)

The kinetic energy of the electronŝT as well as the electron–electron repulsionV̂ee

are represented by universal operators depending only on the number of electronsn in
the system. The electron–nucleus attractionV̂eN is a specific operator depending on
the atoms in the system, i.e. on the number of nucleiN , their positions~RI , and their
chargesQI . It is also called external potential, since it is produced by charges external
to the system of electrons [42].
The electron probability densityρ includes all informations for the electronic Hamil-
tonianĤ. The number of electronsn can be calculated by

∫

ρ(~r1)d~r1 = n (2.70)

using the normalization ofψ. The informations on the nuclei can be determined from
the maxima of the electron probability densityρ, i.e. the number of nucleiN is equal to
the number of maxima, the nuclear positions~RI correspond to the maxima positions,
and the nuclear chargesQI are proportional to the gradient at the maxima positions.
Since the ground state energyE0 is a unique functional ofρ0, so must be its individual
parts [42]

E0[ρ0] = T̂ [ρ0] + V̂eN [ρ0] + V̂ee[ρ0] . (2.71)
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While the functionalŝT [ρ0] andV̂ee[ρ0] are unknown, the electron–nucleus attraction
V̂eN [ρ0] is known and given as [42]

V̂eN = −
〈

ψ0

∣

∣

∣

∣

∣

n
∑

i=1

N
∑

I=1

QI

riI

∣

∣

∣

∣

∣

ψ0

〉

= −
N
∑

I=1

QI

∫

ρ0(~r1)

r1I
d~r1 . (2.72)

In 1965 Kohn and Sham devised a practical method to find the electron probability den-
sity ρ0 and to calculate the ground state energyE0 from this electron density, i.e. they
provided a solution to the problem of the unknown energy terms T̂ [ρ0] andV̂ee[ρ0] [53].
They suggested to formally split the functionalsT̂ [ρ0] andV̂ee[ρ0] into two parts, where
one partT̂KS[ρ0] andV̂ KS

ee [ρ0] can be exactly calculated and the other still unknown
part∆T̂ [ρ0] and∆V̂ee[ρ0] contains the deviation of these terms from the real function-
als [42]

∆T̂ [ρ0] = T̂ [ρ0]− T̂KS[ρ0] (2.73)

∆V̂ee[ρ0] = V̂ee[ρ0]− V̂ KS
ee [ρ0] . (2.74)

The electron–electron interaction̂V KS
ee [ρ0], which can be determined exactly, is the

classical expression for the electrostatic electron–electron repulsion energy, if the elec-
trons were smeared out into a continuous distribution of charge with electron density
ρ0 [42]

V̂ KS
ee [ρ0] = −1

2

∫ ∫

ρ0(~r1)ρ0(~r2)

r12
d~r1d~r2 . (2.75)

For a reference system ofn non-interacting electrons the Hamiltonian̂HKS is

ĤKS =

n
∑

i=1

[

−1

2
∆i +

N
∑

I=1

QI

riI

]

=

n
∑

i=1

ĥKS
i (2.76)

and the kinetic energŷTKS[ρ0] can be calculated by

T̂KS[ρ0] = −1

2

n
∑

i=1

〈φKS
i (1)|∆1|φKS

i (1)〉 , (2.77)

where each Kohn–Sham spinorbitalφKS
i is an eigenfunction of the one-electron oper-

atorĥKS
i [42].

As mentioned before the functionals∆T̂ [ρ0] and∆V̂ee[ρ0] are unknown and contain
the deviation from the real system. Defining the exchange–correlation energy func-
tionalExc[ρ0] by [42]

Exc[ρ0] := ∆T̂ [ρ0] + ∆V̂ee[ρ0] , (2.78)
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the energy of the ground state can be written as

E0[ρ0] = −1

2

n
∑

i=1

〈φKS
i (1)|∆1|φKS

i (1)〉 −
N
∑

I=1

QI

∫

ρ0(~r1)

r1I
d~r1

+
1

2

∫ ∫

ρ0(~r1)ρ0(~r2)

r12
d~r1d~r2 + Exc[ρ0] . (2.79)

The first three terms on the right side of this equation are easy to evaluate fromρ0 and
include the main contributions to the ground state energy. The fourth quantityExc,
although not easy to evaluate exactly, will be a relatively small term.
Hence, the ground state energyE0 can be calculated fromρ0, if the Kohn–Sham spin-
orbitalsφKS

i are found and if the functional Exc is known. The spinorbitalsφKS
i can

be determined by using the variational theorem (2.34) [42].However, the exchange–
correlation functionalExc has to be approximated. Numerous schemes were developed
to obtain approximate forms for the exchange–correlation functional, e.g. the local
density approximation based on a uniform electron gas, the generalized gradient ap-
proximation, which takes into account that the electron distribution within a molecule
is far from being uniform, or hybrid-type functionals, which mix together the exact HF
exchangeEx with gradient-correctedExc formulas [42].
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Results and Discussion

3.1 5f-in-core Pseudopotentials for Actinides

In this Section the adjustment of the quasirelativistic energy-consistent 5f-in-core PPs
for di- [29], tetra- [29], penta- [30], and hexavalent [30] actinides will be described.
Furthermore, the adjustment of CPPs for the di- [29], tri- [54], and tetravalent [29] PPs
and the optimization of valence basis sets [29, 30] will be presented. Finally, atomic
and molecular test calculations as well as some applications will be discussed, in order
to assess the accuracy of the PPs, CPPs, and basis sets, respectively.

3.1.1 Adjustment of the Pseudopotentials

The 5f-in-core PPs corresponding to di- (5fn+1,n=5–13 for Pu–No)1 [29], tetra- (5fn−1,
n=1–9 for Th–Cf) [29], penta- (5fn−2, n=2–6 for Pa–Am) [30], and hexavalent (5fn−3,
n=3–6 for U–Am) [30] actinide atoms were similarly generatedas the PPs correspond-
ing to trivalent oxidation states (5fn, n=0–14 for Ac–Lr) [20]. The parameters for di-
and tetra- as well as for penta- and hexavalent PPs are listedin Tables A.3 and A.4,
respectively. The 1s–5f (spherically averaged) shells areincluded in the PP core, while
all orbitals with main quantum number larger than five are treated explicitly, i.e. 10,
12, 13, and 14 valence electrons for the di-, tetra-, penta-,and hexavalent PPs, respec-
tively. In the case of the di- and tetravalent PPs the s-, p-, and d-PPs are composed of
two Gaussians each and were adjusted by a least-squares fit tothe total valence ener-
gies of nine and 18 reference states, respectively (cf. Table A.1). In the case of the
penta- and hexavalent PPs the s-PPs are composed of three andthe p- and d-PPs of two
Gaussians, which were adjusted to 18 reference states (cf. Table A.2). The reference
data were taken from relativistic AE calculations using theWB scalar-relativistic HF

1The parameters of the divalent 5f-in-core PPs I have alreadyadjusted during my diploma thesis [19].
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approach. Both AE WB as well as PP calculations were performed with an atomic
finite-difference HF scheme [55].
In order to allow for some participation of the 5f orbitals inchemical bonding, the
f-parts of the PPs are designed to describe partial occupations of the 5f shell, which
are larger than the integral occupation number implied by the valency, i.e. 5fn+1+q

(n=5–13 for Pu–No), 5fn−1+q (n=1–9 for Th–Cf), 5fn−2+q (n=2–6 for Pa–Am), and
5fn−3+q (n=3–6 for U–Am) with0 ≤ q < 1 for di-, tetra-, penta-, and hexavalent ac-
tinide atoms, respectively [18]. These f-PPs consist of twotypes of potentialsV1 and
V2 which are linearly combined as follows [20]

V =
(

1− m

14

)

V1 +
m

14
V2 . (3.1)

Herem is the integral number of electrons in the 5f orbitals kept inthe core, i.e.
m=n+1, m=n−1, m=n−2, andm=n−3 for the di-, tetra-, penta-, and hexavalent
case, respectively.V1 andV2 model 5f shells, which can and cannot accommodate
an additional electron, respectively. Thus,V1 is the exact potential for a 5f0 occupa-
tion, whereasV2 is exact for 5f14. V1 was adjusted to four reference configurations
of highly-charged actinide ions (Ann+, n=9, 11–13 for di-, tetra-, penta-, and hexava-
lent PPs), where a single valence electron is situated in the5f, 6f, 7f, and 8f shell,
respectively. ForV2 only three reference configurations were used, i.e. the reference
configuration with the additional electron in the 5f shell was omitted.
For divalent PPs the errors in the total valence energies of finite-difference HF calcula-
tions are smaller than 0.07 and 0.10 eV for s-, p-, d-parts andf-parts, respectively (cf.
Tables A.5 and A.7). For tetravalent PPs these errors are smaller than 0.10 and 0.15 eV
(cf. Tables A.5 and A.7). For pentavalent PPs these errors are below 0.06 and 0.30 eV,
and for hexavalent PPs below 0.03 and 0.76 eV, respectively (cf. Tables A.6 and A.8).
Since the errors for the penta- and hexavalent f-PPs are clearly larger than 0.1 eV, it was
tried to use two Gaussians forV1 andV2. In this way the deviations could be reduced
to at most 0.05 eV for both penta- and hexavalent PPs. However, these f-PPs yield too
strong 5f orbital participations especially in the case of 5f0, i.e. for PaF5 and UF6 LPP
5f occupations are by 0.15 and 0.52 electrons larger than SPP5f occupations, respec-
tively (5f occupations for LPP/SPP: PaF5 0.71/0.56; UF6 1.68/1.16 electrons). More-
over, the deviations between LPP and SPP bond lengths and energies are at least twice
as large, if two Gaussians instead of one are used forV1 andV2 (f-PP with one/two
Gaussians: PaF5 ∆Rax=0.013/0.032 Å,∆Req=0.012/0.039 Å,∆E=0.052/0.334 eV;
UF6 ∆R=0.0004/0.042 Å,∆E=0.29/0.68 eV). Thus, only one Gaussian is used forV1

andV2 and the greater errors of 0.30 (0.4%) and 0.76 eV (0.7%) for the total valence
energies of the highly-charged ions An12+ and An13+ for the adjustment of penta- and
hexavalent f-PPs are accepted, to avoid a too strong 5f orbital participation.
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3.1.2 Adjustment of the Core-polarization Potentials

The parameters of the CPPs, i.e. the dipole polarizabilities and cutoff parameters, are
listed in Table A.10. For the CPPs corresponding to di- [29],tri- [54], and tetravalent
[29] 5f-in-core PPs the DHF dipole polarizabilities of Ra10+ (1.0407 a.u.) and No10+

(6.4819 a.u.), Ac11+ (0.8982 a.u.) and Lr11+ (3.7501 a.u.), and Th12+ (0.7830 a.u.) and
Rf12+ (2.5179 a.u.) were used to interpolate those of the other An10+, An11+, and
An12+ cores, respectively, because the DHF program package [56] can only handle
closed-shell systems. Since the dipole polarizabilities of the highly-charged PP cores
An10+, An11+, and An12+ are strongly dependent on the presence of the valence elec-
trons, the polarizabilities were calculated using the orbitals of the neutral An atoms,
the An+, and the An2+ cations with the subconfiguration 6s26p67s2 for di-, tri-, and
tetravalent CPPs, respectively.
Since the MOLPRO program package [52] provides two possiblecutoff factors

ω(r) =
(

1− exp
(

−δr2
))0.5

(ntype=1in MOLPRO) (3.2)

and

ω(r) = 1− exp
(

−δr2
)

(ntype=2in MOLPRO), (3.3)

first it was tested, which cutoff factor yields the best results in the case of the 5f-in-
core LPPs. Some electronic transitions, where a 7s electronis ionized, were calcu-
lated at the LPP+CPP CCSD(T) level using the two different cutoff factors, and the
results were compared to SPP CCSD(T) calculations, becauseno or not enough ex-
perimental data are available. The SPP CCSD(T) data were calculated without SO
coupling at the basis set limit [21] except for the transitions using the tetravalent PPs,
which were calculated using the standard basis sets (14s13p10d8f6g)/[6s6p5d4f3g]
[21]. The LPP+CPP CCSD(T) calculations were carried out with MOLPRO [52] using
(10s10p10d8f6g) even-tempered basis sets, which were CCSD(T) energy-optimized
for the 6d17s1, 6d17s2 (Ac)/7s27p1 (Lr), and 6d27s2 valence subconfigurations of the
neutral atoms for di-, tri-, and tetravalent PPs, respectively. In both LPP+CPP and
SPP CCSD(T) calculations no orbitals were frozen. In the case of the divalent PPs
the cutoff parameter for both cutoff factors was chosen to beδ=0.5, while for the tri-
and tetravalent PPs it was chosen to beδ=1.0. As one can see from Table 3.1 the SPP
values are in general overestimated by up to 1.45 (Lr) and 0.35 eV (first transition of
Bk) for ntype=1andntype=2, respectively. Only for the second transitions of Am
and Th the LPP+CPP calculation usingntype=2and both LPP+CPP calculations un-
derestimate the SPP values, respectively. Sincentype=2yields always smaller values
thanntype=1except for the second transition of Th, the results usingntype=2agree
clearly better with the SPP reference data. Therefore this cutoff factor was chosen for



34 CHAPTER 3 RESULTS AND DISCUSSION

the CPPs corresponding to the actinide 5f-in-core LPPs. In contrast to this for the lan-
thanide 4f-in-core LPPs the CPP cutoff factor withntype=1is used [41]. This can be
explained by the fact that for lanthanides experimental values are available, which are
typically underestimated by quantum mechanical calculations. Thus, in comparison to
experimental data the larger values obtained by usingntype=1should be favored.

Table 3.1: Electronic transitions (in eV) calculated at the LPP+CPP CCSD(T) level
using both possible cutoff factorsntype=1(3.2) andntype=2(3.3) in com-
parison to SPP CCSD(T) reference data [21].

An Transition SPP ntype=1 ntype=2
divalent CPPs
Am 7s2 →7s1 5.85 6.07 5.95

7s1 →7s0 11.81 11.87 11.61
No 7s2 →7s1 6.50 7.02 6.55

7s1 →7s0 12.69 13.79 12.84
trivalent CPPs
Ac 7s2 →7s1 11.73 11.78 11.75
Lr 7s2 →7s1 14.40 15.85 14.68

tetravalent CPPs
Th 6d27s2 →6d27s1 6.29 6.30 6.29

6d27s1 →6d27s0 12.35 12.13 12.30
Bk 6d27s2 →6d27s1 6.68 7.16 7.03

6d27s1 →6d27s0 13.78 14.13 13.88

The cutoff parameters were fitted at the CCSD(T) level to the following IPs: IP1+IP2

of Am and IP1, IP2 of No (divalent PPs); IP1, IP2 of Ac and IP2, IP3 of Lr (trivalent
PPs); IP1, IP2 of Th and IP2, IP3 of Bk (tetravalent PPs). The reason why these ac-
tinide elements were chosen are their unoccupied (Ac, Th), half occupied (Am, Bk),
and fully occupied (No, Lr) 5f orbitals, respectively, since in these cases more accurate
reference data are available, i.e. SPP CCSD(T) calculations without SO coupling us-
ing extrapolation to the basis set limit [21]. However, for the IPs of Th and Bk needed
to adjust the tetravalent CPPs standard basis sets [21] weretaken to obtain the SPP
CCSD(T) reference data. The LPP+CPP CCSD(T) calculations were carried out with
MOLPRO [52] using the (10s10p10d8f6g) even-tempered basissets. The cutoff pa-
rameters of the other di-, tri-, and tetravalent actinide elements were interpolated using
the values of Am (0.6980)/No (0.2404), Ac (0.8727)/Lr (0.2696), and Th (0.9293)/Bk
(0.4867), respectively.
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3.1.3 Optimization of the Valence Basis Sets

In the following the optimization of the valence basis sets corresponding to di- [29],
tetra- [29], penta- [30], and hexavalent [30] 5f-in-core PPs will be presented in two
parts, i.e. first the generation of the primitive and then that of the segmented con-
tracted basis sets will be given. The basis set parameters are listed in Tables B.1–B.4
for di-, tetra-, penta-, and hexavalent PPs, respectively.

3.1.3.1 Primitive Basis Sets

The Gaussian-type-orbital (GTO) valence basis sets for di-[29], tetra- [29], penta-
[30], and hexavalent [30] 5f-in-core PPs were constructed analogous to those for
trivalent PPs [20]. But here only two different sets of primitive Gaussian functions
(4s4p3d)+2s1p1d and (5s5p4d)+2s1p1d were derived, since the (6s6p5d)+2s1p1d ba-
sis sets for trivalent PPs yield results, which are almost ofthe same quality as those of
the (5s5p4d)+2s1p1d basis sets.
First, basis sets for use in crystal calculations were created, i.e. in the divalent case
(4s4p) and (5s5p) basis sets were HF energy-optimized [57] for the An2+ 6s26p6

valence subconfiguration. In the tetra-, penta-, and hexavalent case (4s4p3d) and
(5s5p4d) basis sets were HF energy-optimized [57] for the 6s26p66d1 valence sub-
configuration of An3+, An4+, and An5+, respectively. To avoid linear dependency in
solid state calculations, which are usually caused by overlap between too diffuse func-
tions of the densely packed atoms, all exponents, which became smaller than 0.15,
were fixed to this value and the remaining exponents were reoptimized. Furthermore,
all optimizations were carried out with the requirement that the ratio of exponents in
the same angular symmetry must be at least 1.5, because in particular steep Gaussians
tend to a coalescence resulting in a linearly dependent basis [58]. For divalent PPs
the basis set errors in the valence energies with respect to numerical finite-difference
LPP HF calculations [55] are below 0.11 and 0.03 eV for (4s4p)and (5s5p), respec-
tively, and for tetravalent PPs these errors are below 0.15 and 0.07 eV for (4s4p3d) and
(5s5p4d), respectively (cf. Table B.5). For pentavalent PPs these errors are below 0.09
and 0.02 eV for (4s4p3d) and (5s5p4d), respectively, and forhexavalent PPs these er-
rors are smaller than 0.13 and 0.03 eV (cf. Table B.6). Thus, at least the larger (5s5p)
and (5s5p4d) basis sets show errors below 0.1 eV, which is therequested accuracy, be-
cause it corresponds to the accuracy of the PP adjustment.
Secondly, the valence basis sets were augmented by adding a set of 2s1p4d and 2s1p5d
low-exponent Gaussians to (4s4p) and (5s5p), respectively, as well as a set of 2s1p1d
to (4s4p3d) and (5s5p4d) yielding final (6s5p4d) and (7s6p5d) primitive sets for use
in molecular calculations. The added exponents were HF energy-optimized [57] for
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the 7s2 (1S, s-basis), 7s17p1 (3P , p-basis), and 6d17s1 (3D, d-basis) valence substates
of the neutral actinides for the divalent PPs as well as for the 6d27s2 valence subcon-
figuration of the neutral actinides for the tetravalent PPs.In the case of the penta-
and hexavalent PPs the additional exponents were HF energy-optimized [57] for the
6d37s2 and the 6d47s2 valence subconfigurations of the neutral actinides, respectively.
The differences in the valence energies with respect to numerical finite-difference LPP
HF calculations [55] are below 0.15 and 0.04 eV for (6s5p4d) and (7s6p5d) of diva-
lent PPs, respectively, and below 0.14 and 0.08 eV for tetravalent PPs (cf. Table B.5).
For pentavalent PPs these differences are below 0.11 and 0.03 eV for (6s5p4d) and
(7s6p5d), respectively, and for hexavalent PPs below 0.16 and 0.05 eV (cf. Table B.6).
Therefore also the (7s6p5d) molecular basis sets are clearly below 0.1 eV.
Finally, sets of 2f1g correlation/polarization functionswere energy-optimized in CI
calculations [52] for the 7s2, 6d27s2, 6d37s2, and 6d47s2 ground state valence sub-
configurations for di-, tetra-, penta-, and hexavalent PPs,respectively. For penta- and
hexavalent PPs all exponents were optimized explicitly. However, for di- and tetrava-
lent PPs only the exponents of Pu, Fm–No and Th, Pa, Bk were optimized explicitly,
while those of Am–Es and of U–Cm, Cf were interpolated.

3.1.3.2 Contracted Basis Sets

The basis sets were contracted using different segmented contraction schemes (cf. Ta-
ble 3.2) to yield basis sets of approximately valence double-, triple-, and quadruple-
zeta (VDZ, VTZ, and VQZ) quality for the s and p symmetries. Incase of d symme-
try at least a triple-zeta contraction was necessary and additional sets with less tight
d contraction are also offered (VDZ: [4s3p3d], VTZ: [5s4p3d], [5s4p4d], and VQZ:
[6s5p4d]).

Table 3.2: Contraction schemes.

Contraction Scheme
Contraction (6s5p4d) (7s6p5d)
[4s3p3d] {2211/221/211} {3211/321/311}
[5s4p4d]a {21111/2111/211} {31111/3111/2111}
[6s5p4d] {211111/21111/2111}

aIn the case of the (6s5p4d) basis set the VTZ contraction is [5s4p3d].

The errors in total valence energies of the 6d17s1 (divalent) and 6d27s2 (tetravalent)
valence substates with respect to numerical finite-difference LPP HF calculations [55]
of all contracted basis sets are below 0.2 eV (cf. Table B.7).In the case of the divalent
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PPs all contractions of the (7s6p5d) and for the tetravalentcase the VQZ contraction
of (7s6p5d) yield errors smaller than 0.1 eV. For pentavalent PPs the errors in total
valence energies of the 6d37s2 valence substates for the contracted (6s5p4d) basis sets,
the VDZ as well as the VTZ contracted (7s6p5d) basis sets, andthe VQZ contracted
(7s6p5d) basis sets are below 0.17, 0.08, and 0.03 eV, respectively (cf. Table B.8). For
hexavalent PPs these errors in total valence energies of the6d47s2 valence substates
are smaller than 0.33, 0.13, and 0.06 eV, respectively (cf. Table B.8). Thus, at least the
(7s6p5d)/[6s5p4d] VQZ basis sets fulfill the requested accuracy of 0.1 eV.

3.1.4 Atomic Test Calculations

In order to test the di- and tetravalent 5f-in-core LPPs [29]and their corresponding ba-
sis sets as well as the di- [29], tri- [54], and tetravalent [29] CPPs, the first and second
IPs for the actinides were calculated. Table 3.3 lists the electronic ground states and
the configurations of the singly- and doubly-charged actinides. The 5f occupation of
the configurations determine which LPP has to be used to calculate the IPs, i.e. 5fn+1,
5fn, or 5fn−1 (n=0–14 for Ac–Lr) occupations correspond to di-, tri-, and tetravalent
oxidation states, respectively. As one can see from Table 3.3 for eight, six, and one
actinide di-, tri-, and tetravalent LPPs were used, respectively. In the case of the sec-
ond IPs the values of Th, U, Np, and Cm could not be calculated at the LPP level,
because for these IPs the 5f occupation changes due to the ionization, what cannot be
described, if the 5f shell is included in the PP core.
State-averaged MCSCF with subsequent CCSD(T) calculations were performed in
MOLPRO [52] using LPPs with and without CPPs and uncontracted (7s6p5d2f1g)
valence basis sets. The state-averaging was necessary to avoid symmetry-breaking at
the orbital level, since MOLPRO [52] is limited to theD2h point group and subgroups.
In the CCSD(T) calculations no orbitals were frozen. Since experimental data [59–61]
are only available for IP1 (except for Lr) and IP2 of Ac, the LPP results are also com-
pared to 5f-in-valence SPP calculations from the literature [21]. The SPP IPs were
determined using state-averaged CASSCF with subsequent multi-reference averaged
coupled-pair functional (ACPF) calculations [52]. In the ACPF calculations the 5s, 5p,
and 5d orbitals were frozen. The calculations did not include SO coupling and were
performed at the basis set limit, i.e. (14s13p10d8f6g6h6i)basis sets were used except
for Pa, where the standard basis set (14s13p10d8f6g)/[6s6p5d4f3g] had to be applied
due to convergence problems. The LPP results as well as the experimental [59–61]
and SPP reference data are listed in Table C.1.
Figure 3.1 shows the first ionization potentials for the actinides from LPP calculations
with and without CPPs in comparison to experimental data except for Lr, where a
SPP value is given. The experimental data are always underestimated by both LPP



38 CHAPTER 3 RESULTS AND DISCUSSION

Table 3.3: Electronic ground states and configurations for the actinide cations Ann+

(n=1–2) [7]. Configurations with 5f occupations corresponding to di-, tri-,
and tetravalent oxidation states are listed in black, green, and blue, respec-
tively. Configurations, whose 5f occupation changes due to the ionization,
are given in red.

An An An1+ An2+

Ac 6d17s2 7s2 7s1

Th 6d27s2 6d27s1 5f16d1

Pa 5f26d17s2 5f27s2 5f26d1

U 5f36d17s2 5f37s2 5f4

Np 5f46d17s2 5f46d17s1 5f5

Pu 5f67s2 5f67s1 5f6

Am 5f77s2 5f77s1 5f7

Cm 5f76d17s2 5f77s2 5f8

Bk 5f97s2 5f97s1 5f9

Cf 5f107s2 5f107s1 5f10

Es 5f117s2 5f117s1 5f11

Fm 5f127s2 5f127s1 5f12

Md 5f137s2 5f137s1 5f13

No 5f147s2 5f147s1 5f14

Lr 5f147s27p1 5f147s2 5f147s1

and LPP+CPP calculations. The mean absolute error (m.a.e.)and mean relative error
(m.r.e.) for the LPP data amount to 0.40 eV and 6.8%, respectively (cf. Table C.1).
The deviations are smaller than 0.35 eV except for Pa, U, Cm, and Lr, where they are
0.55–1.07 eV corresponding to 14–18%. One reason for these large differences are
the neglect of SO effects. However, the SO effects calculated at the SPP level [21]
amount only to 0.10, 0.14, and 0.18 eV for Pa, U, and Cm, respectively, and the refer-
ence value for Lr is a SPP ACPF calculation without SO coupling. Therefore the SO
coupling explains only a small part of these errors. The morecrucial reason is that the
IPs calculated at the 5f-in-core LPP level occur between averaged instead of high-spin
LS-states, because the 5f shell is included in the PP core andis thus treated in an av-
eraged manner. In Fig. 3.2 the SPP/experimental and LPP transitions for 5fn6d17s2

to 5fn7s2 are given. As one can see the gap between the high-spin and low-spin states
is the larger the more unpaired electrons exist in the considered configuration, i.e. the
splitting for the initial 5fn6d17s2 is clearly bigger than that for the final 5fn7s2 state.
Therefore the LPP IP is too small, because the energy loss forthe initial state is bigger



3.1 5F-IN-CORE PSEUDOPOTENTIALS FORACTINIDES 39

than the energy gain for the final state. Since for Pa, U, Cm, and Lr a 6d or 7p electron
is ionized, the experimental or SPP values are underestimated. For the other elements
this error does not occur, because a 7s electron is ionized. For the first IP of uranium,
i.e. 5f36d17s2 to 5f37s2, AE WB calculations [55] show that the ionization between av-
eraged states (IP1=4.53 eV) are by 0.92 eV smaller than that between high-spin states
(IP1=5.45 eV), i.e.5L to 4I. If one adds this amount to the LPP value for the IP1 of U
(IP1=5.13 eV), the remaining deviation from the experimental value (IP1=6.19 eV) is
0.14 eV and can be explained by the missing SO coupling.
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Figure 3.1: First ionization potentials IP1 (in eV) for the actinides from LPP CCSD(T)
calculations [52] with and without CPPs in comparison to experimental
data [59–61] except for Lr, where a SPP multi-reference ACPFvalue with-
out SO coupling at the basis set limit [21] is given. In the LPPcalculations
(7s6p5d2f1g) basis sets were applied.

If CPPs are applied, the IPs are increased except for Ac, Pa, and U, where they are by
at most 0.05 eV smaller than the pure LPP results. The CPP effect decreases from di-
via tri- to tetravalent oxidation states, i.e. the changes of the IPs amount to 0.11–0.13,
0.01–0.05, and 0.04 eV for di-, tri-, and tetravalent CPPs, respectively. The reason
for this decrease is that the CPP is proportional to the dipole polarizability (cf. (2.1)),
which is the higher the larger the ionic radius. Since the ionic radius is in turn the larger
the smaller the ionic charge, the dipole polarizability becomes smaller with increasing
ionic charge, e.g., for Cm the dipole polarizability decreases from Cm10+ 4.1500 via
Cm11+ 2.3242 to Cm12+ 1.5265 a.u. (cf. Table A.10).
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Figure 3.2: Experimental or SPP ionizations occur between high-spin (hs) states,
while LPP ionizations take place between averaged (avg.) LS-states, be-
cause the 5f shell is included in the PP core and is thus treated in an aver-
aged manner. The gap between the high-spin and low-spin (ls)states is the
larger the more unpaired electrons exist in the considered configuration.

Because the first IPs are underestimated using pure LPPs, theapplication of CPPs im-
proves the results except for Ac, Pa, and U, i.e. the m.a.e. and m.r.e. are 0.33 eV and
5.8%, respectively. The deviations are smaller than 0.25 eVexcept for Pa, U, Cm, and
Lr, where they amount to at most 1.10 eV (18%). Thus, in summary the CPPs improve
the LPP results especially for the divalent oxidation state, where they show the largest
effect due to the high dipole polarizability.
Figure 3.3 shows the second ionization potentials for the actinides from LPP calcu-
lations with and without CPPs in comparison to SPP data except for Ac, where an
experimental value is available. The reference data are underestimated by the LPP re-
sults except for Pa, where it is overestimated by 0.44 eV. Them.a.e. and m.r.e. amount
to 0.20 eV and 1.7%, respectively, and are half as large as those of the first IPs. This is
due to the fact that the SPP data are calculated without SO coupling and that only for
Pa the IP includes a change of the 6d occupation, i.e. the transition goes from 5f27s2

to 5f26d1. Since here the final state consists of more unpaired electrons, the IP is over-
estimated.
The use of CPPs increases the IPs in a range of 0.19–0.26 and 0.03–0.16 eV for di-
and trivalent oxidation states, respectively. Due to this increase the m.a.e. (m.r.e.) is
reduced by 50% to 0.10 eV (0.8%). Therefore the CPPs are (at least in atomic calcula-
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tions) useful tools to improve the accuracy of the LPP results.
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Figure 3.3: Second ionization potentials IP2 (in eV) for the actinides from LPP
CCSD(T) calculations [52] with and without CPPs in comparison to SPP
multi-reference ACPF data without SO coupling at the basis set limit [21]
except for Ac, where an experimental value [59–61] is given.In the LPP
calculations (7s6p5d2f1g) basis sets were applied, and forPa only the
standard basis set (14s13p10d8f6g)/[6s6p5d4f3g] was usedin the SPP cal-
culation.

3.1.5 Molecular Test Calculations

For the 5f-in-core LPPs as well as corresponding CPPs and valence basis sets molec-
ular test calculations were performed for actinide fluorides AnFn (n=2–6). In this
section first the computational details of these test calculations will be given. Next
the results of the di- and tetravalent LPPs, CPPs, and basis sets [29] will be discussed.
Then those of the penta- and hexavalent LPPs and basis sets [30] will be presented.
Subsequently, the molecular tests of the trivalent CPPs [54], will be given. Finally, the
results for all AnFn (n=2–6) will be compared to each other.
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3.1.5.1 Computational Details

The test calculations2 for AnF2 (An=Pu–No) and AnF4 (An=Th–Cf) were carried out
with MOLPRO [52] using the di- and tetravalent 5f-in-core LPPs [29] with and with-
out CPPs. For AnF5 (An=Pa–Am) and AnF6 (An=U–Am) analogous test calculations
using the penta- and hexavalent 5f-in-core LPPs [30] were performed [52]. Corre-
sponding to the calibration studies on AnF3 (An=Ac–Lr) [19, 20] using the trivalent
5f-in-core LPPs, calculations using these LPPs in connection with CPPs [54] were
carried out [52]. Since for the actinide fluorides only a few experimental and AE data
are available, 5f-in-valence SPP [15] calculations3 were performed [52] as well. For
F Dunning’s aug-cc-pVQZ (augmented correlation-consistent polarized VQZ) basis
set [62,63] was applied and for An (7s6p5d2f1g)/[6s5p4d2f1g] and (14s13p10d8f6g)/
[6s6p5d4f3g] [21] valence basis sets4 were used for LPP HF and SPP state-averaged
MCSCF calculations, respectively. The state-averaging was necessary to avoid sym-
metry-breaking at the orbital level, since MOLPRO [52] is limited to theD2h point
group and subgroups. The geometries were completely optimized imposingC2v, C3v,
Td,C4v, andOh symmetry for AnF2, AnF3, AnF4, AnF5, and AnF6, respectively. In the
case of ThF4, UF4, PaF5, UF5, and UF6–PuF6 also LPP CCSD(T) calculations were
performed, because for these compounds experimental [64–68] or AE [69] results are
available. Moreover, for AmF2, NoF2, and all AnF3 LPP CCSD(T) calculations with
and without using CPPs were carried out. Additionally, for AmF2, NoF2, and LrF3
SPP CCSD(T) calculations were performed. In the CCSD(T) calculations the F 1s
orbitals were frozen.
The An–F bond energies were calculated by Ebond = [E(An)+n×E(F )−E(AnFn)]/n

(with n=2, 4–6 for AnF2, AnF4–AnF6), where the actinide atom was assumed to be in
the lowest valence substate, i.e. 5fn+17s2, 5fn−16d27s2, 5fn−26d37s2, and 5fn−36d47s2

for AnF2, AnF4–AnF6, respectively. At this point one might ask how to calculate a
binding energy with respect to the experimentally observedground states of the ac-
tinides, e.g. at the correlated level. The best way is to follow the strategy proposed for
the lanthanide LPPs almost two decades ago [70]. First, one should calculate the bind-
ing energy with respect to the actinide atom in its lowest valence substate. Then the
energy difference to the experimentally observed ground state, possibly belonging to a
different configuration, can be determined, e.g. at the AE WB[55] or DHF level [44],
and corrected by electron correlation contributions to theenergy difference (between
the lowest levels) taken from experiment [71]. However, in contrast to di-, tri-, and

2The LPP HF calculation for BkF4 was performed by X. Cao.
3The SPP calculations for AnF4 (An=Th–Cf) were performed by X. Cao.
4For AnF3 (An=Ac–Lr) the LPP and SPP calculations were carried out using (7s6p5d2f1g)/

[5s4p3d2f1g] and (14s13p10d8f6g)/[10s9p5d4f3g] valencebasis sets, respectively.
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tetravalent PPs for penta- and hexavalent PPs an energy correction using experimental
energy differences is not possible, since for the 6d37s2 and 6d47s2 valence subconfig-
urations no experimental data are available [71]. If desired, correlation contributions
can of course be obtained by 5f-in-valence SPP or AE calculations. Tables C.2 and
C.3, C.4 and C.5, and C.6 summarize AE WB, AE DHF, and experimental corrections
for the di-, tri-, tetra-, penta-, and hexavalent LPPs, respectively.
For AnF3 ionic binding energies∆Eion = E(An3+) + 3 × E(F−)− E(AnF3) were
calculated.

3.1.5.2 Actinide Difluorides

The HF calculations for AnF2 (An=Pu–No) using LPPs with and without CPPs will
be compared to corresponding SPP calculations. The comparison is reasonable for
the late actinides, but critical for the lighter actinides due to mixing of 5f with 7s as
well as 6d orbitals in the SPP calculations. This can best be seen from the calculated
bond angles, which show much larger discrepancies for Pu–Cmthan for Bk–No (cf.
Fig. 3.4). Hence, all results will be compared separately for the elements Pu–Cm
and Bk–No, respectively. The results of a Mulliken population analysis and those for
structures as well as binding energies of the LPP, LPP+CPP, and SPP calculations are
listed in Table 3.4 and 3.5, respectively.
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Figure 3.4: Actinide–fluorine bond angles∠F–An–F (in deg) for AnF2 (An=Pu–No)
from LPP HF calculations with and without using CPPs as well as from
SPP state-averaged MCSCF calculations.
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Table 3.4: Mulliken 6s/7s, 6p/7p, 6d, and 5f orbital populations and atomic charges
(Q) on An in AnF2 (An=Pu–No) from LPP HF and SPP state-averaged
MCSCF calculations. A 6s26p67s2 ground state valence subconfiguration
is considered for An.

s p d f Q
An LPP SPP LPP SPP LPP SPP LPPa SPP LPP SPP
Pu 2.00 2.16 6.00 6.00 0.21 0.37 0.02 5.90 1.78 1.57
Am 2.00 2.12 6.00 6.00 0.21 0.32 0.01 6.97 1.78 1.58
Cm 2.00 2.12 5.99 6.00 0.20 0.30 0.01 8.00 1.79 1.59
Bk 2.00 2.12 5.99 6.01 0.20 0.28 0.01 9.01 1.79 1.59
Cf 2.00 2.13 5.99 6.01 0.19 0.28 0.01 10.01 1.80 1.57
Es 2.01 2.14 5.99 6.02 0.19 0.27 0.01 11.01 1.80 1.56
Fm 2.01 2.14 5.99 6.02 0.19 0.27 0.01 12.02 1.80 1.54
Md 2.01 2.15 5.99 6.02 0.18 0.26 0.01 13.01 1.80 1.56
No 2.02 2.15 5.99 6.02 0.18 0.25 0.01 14.01 1.80 1.57

a6–14 electrons in the 5f shell are attributed to the LPP core for Pu–No, respectively.

Mulliken Orbital Populations Table 3.4 shows the Mulliken orbital populations ob-
tained by LPP HF and SPP state-averaged MCSCF calculations,respectively. As one
can see the bonding of AnF2 is of polar covalent nature, i.e. the two binding electron
pairs are dragged more close to the fluorine ends of the bonds.For the LPP calcu-
lations this results in charge separations of up to 0.90 electrons per bond and a total
atomic charge of up to 1.80 units on the actinide. Whereas thes, p, and f occupation
numbers on the actinides are nearly integral, those of the d shells are not and point to
some covalent contributions. The SPP f orbital occupationsshow that there is almost
no 5f orbital participation in the bonding of AnF2 with An=Cm–No, since the SPP
5f populations differ at most by 0.02 electrons from the integral LPP 5f occupations.
However, for PuF2 and AmF2 the SPP calculations do not yield 5f occupations corre-
sponding to a divalent actinide, i.e. the 5f populations are0.10/0.03 electrons below
the integral number of 5f electrons for Pu/Am. This is due to the stronger mixing
between 5f and 7s as well as 6d orbitals for these lighter actinides, where the 5f or-
bitals are still relatively diffuse. The mixing of 5f with 6dorbitals, which can also be
seen as a configurational mixing of 5fn+1 and 5fn6d1, decreases from Pu to No, since
the 6d orbitals are destabilized due to the indirect relativistic effect, and are thus less
occupied (6d AE WB orbital energies for 5fn+16s26p66d17s1: −3.123/−2.311 eV for
Pu/No; 6d occupation for SPP: 0.37/0.25 for Pu/No). Therefore the LPP results are
expected to become better with increasing nuclear charge and to be less accurate for
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the lighter actinides Pu–Am, where the 5f occupation falls below the assumed integral
value corresponding to a divalent actinide.

Actinide Difluoride Structure For all AnF2 (An=Pu–No) non-linear structures were
obtained by both LPP and SPP calculations. In the case of the LPP calculations for
increasing nuclear charge of the actinide the bond lengths decrease almost linearly
(correlation coefficient 0.999) by 0.08 Å and the bond anglesincrease by 6◦. These
variations are due to the actinide contraction and the increasing repulsion between the
fluorine atoms, respectively. Similar trends are also observed for the SPP results, i.e.
bond lengths decrease and bond angles increase by 0.03 Å and 13◦, respectively, how-
ever here two irregularities appear. On the one hand the bondlength increases instead
of decreases from Pu to Am by 0.01 Å, and on the other hand the bond angles between
Pu and Bk increase on average by 4◦, while those between Bk and No grow only by
about 0.4◦. The reason for both is a mixing of 5f with 7s as well as 6d orbitals, which
becomes more significant with decreasing nuclear charge, and as already mentioned
above limits the applicability of the 5f-in-core approach.
A comparison of An–F bond lengths calculated using LPPs and SPPs demonstrates that
the newly developed LPPs yield quite accurate results for all actinides considered. The
bond lengths are on average by 0.042 (0.020) Å and 1.9% (0.9%)too long for Pu–Cm
(Bk–No). The actinide–fluorine bond angles∠F–An–F, which are also overestimated
by using LPPs, show clearly larger deviations. The m.a.e. and m.r.e. for Pu–Cm (Bk–
No) amount to 10.7◦ (6.6◦) and 10% (6%), respectively. The largest deviations for
both bond lengths and angles occur for Pu (0.059 Å; 13.5◦) and Am (0.037 Å; 10.3◦),
because here the SPP 5f occupation is smaller than the integral value modeled by the
LPP core (cf. Table 3.4).
The use of LPPs in connection with CPPs gives about 0.036 Å and4.2◦ smaller bond

lengths and angles, respectively. Since pure LPP calculations overestimate the SPP
An–F bond lengths by ca. 0.027 Å, they are underestimated by ca. 0.015 Å using LPPs
in combination with CPPs (m.a.e. for Pu–No). Considering the deviations in bond
lengths for Pu–Cm and Bk–No separately, one finds a clear improvement by using
CPPs in the case of Pu–Cm, i.e. the mean deviation related to the SPP data decreases
by 0.029 Å (m.a.e.: LPP/LPP+CPP 0.042/0.013 Å). For Bk–No, however, this devia-
tion remains almost constant, i.e. the improvement in the m.a.e. amounts to 0.005 Å
(m.a.e.: LPP/LPP+CPP 0.020/0.015 Å). In the case of the bondangles the decrease by
using CPPs reduces the errors of the LPP calculations for allactinides considered, i.e.
the m.a.e. for Pu–No drops from 8.0 to 3.9◦.

Actinide–fluorine Bond Energy The An–F bond energy of AnF2 decreases by 0.42
and 0.68 eV with increasing nuclear charge for LPP and SPP calculations, respectively.
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Table 3.5: An–F bond lengthsRe (in Å) and angles∠F–An–F (in deg) as well as bond
energies Ebond (in eV) for AnF2 (An=Pu–No) from LPP HF calculations
with and without using CPPs as well as from SPP state-averaged MCSCF
calculations. For AmF2 and NoF2 LPP CCSD(T) results with and without
using CPPs as well as SPP CCSD(T) results are given in italics.

Re ∠F–An–F Ebond

An LPP CPPa SPP LPP CPPa SPP LPP CPPa SPP
Pu 2.212 2.179 2.152 120.0 117.6 106.5 3.764 3.644 4.057
Am 2.200 2.164 2.163 121.0 118.0 110.7 3.715 3.605 3.907

2.182 2.157 2.089 116.7 114.6 104.3 5.188 5.209 5.517
Cm 2.189 2.150 2.161 122.0 118.3 113.6 3.667 3.571 3.836
Bk 2.178 2.137 2.155 122.8 118.5 117.8 3.617 3.540 3.764
Cf 2.168 2.127 2.144 123.5 118.6 117.1 3.564 3.507 3.705
Es 2.156 2.116 2.134 124.6 119.2 117.4 3.517 3.476 3.611
Fm 2.146 2.110 2.122 125.3 120.0 117.6 3.464 3.434 3.540
Md 2.136 2.106 2.120 126.0 121.2 118.8 3.409 3.380 3.468
No 2.128 2.105 2.118 126.3 122.6 120.0 3.347 3.312 3.375

2.114 2.100 2.057 121.2 118.9 112.5 4.790 4.833 5.043

aLPP calculations using CPPs.

This is related to the decreasing An–F bond length, which is accompanied by an in-
creasing F–F repulsion.
The differences in the An–F bond energies between LPP and SPPcalculations for the
lighter actinides are obviously larger than those for the heavier actinides, i.e. the m.a.e.
(m.r.e.) for Pu–Cm and Bk–No are 0.22 (5.5%) and 0.09 eV (2.5%), respectively. This
is most likely due to a mixing of valence 5f with mainly valence 7s and 6d orbitals in
the SPP state-averaged MCSCF calculations. Analogous to the bond lengths and an-
gles the largest errors occur for Pu (0.29 eV, 7.2%) and Am (0.19 eV, 4.9%), where the
SPP 5f occupations are smaller than the assumed integral LPP5f occupations (cf. Ta-
ble 3.4).
The application of CPPs causes a mean decrease in bond energyof 0.066 eV compared
to pure LPP calculations. Since the bond energy is already underestimated by us-
ing LPPs without CPPs, the deviations from SPP calculationsbecome larger by using
CPPs. The m.a.e. (m.r.e.) amount to 0.33 eV (8.3%) and 0.14 eV(3.7%) for Pu–Cm
and Bk–No, respectively. The strong energy decrease due to CPPs can be explained, if
one thinks of an ionic binding energy

Eion = −IP1(An)− IP2(An) + 2× EA(F) + ionic interaction . (3.4)
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Here IPi(An) with i=1, 2 are the first and second IPs of the actinide, respectively,
and EA(F) is the electron affinity of fluorine. The use of CPPs increases the IPs, be-
cause the actinide atom or ion is stabilized via the includedcorrelation, and thus the
bond energy is reduced. The first and second IPs of Pu–No from LPP state-averaged
MCSCF calculations with and without using CPPs in comparison to SPP state-averaged
MCSCF data [21] are listed in Table 3.6. The IPs of Cm are omitted, because its ion-
izations do not take place between divalent oxidation states, i.e. the Cm atom and
Cm+ cation do not have a 5fn+1, but a 5fn occupation. As one can see IP1 and IP2

are increased by about 0.32 and 0.50 eV, respectively, if LPP+CPP instead of LPP
state-averaged MCSCF calculations are performed. The pureLPP IPs deviate only
on average by 0.09/0.12 eV from the SPP values for IP1/IP2, however, using CPPs the
IPs are overestimated by about 0.39/0.38 eV. The reason for the worse IP results us-
ing CPPs, which also explains the larger deviations of An–F bond energies, might be
the inclusion of dynamic correlation. Since the CPPs are adjusted to CCSD(T) ref-
erence data, they account for both static (polarization at the HF level) and dynamic
(core–valence correlation) polarization of the PP core, even if they are applied in HF
or state-averaged MCSCF calculations. The SPP state-averaged MCSCF calculations,
however, do not include any correlation effects. Thus, the IPs calculated by using CPPs
become too large and the corresponding bond energies are toosmall. However, at the
correlated level the experimental and SPP ACPF IPs are always underestimated by the
LPP CCSD(T) results and the m.a.e. amount to 0.26 and 0.21 eV for IP1 and IP2, re-
spectively (m.a.e. for Pu–No except for Cm, cf. Table C.1). Therefore the application
of CPPs yields improved results, i.e. the m.a.e. are reducedto 0.14 and 0.04 eV for IP1
and IP2, respectively.
A slight improvement due to CPPs is also found in CCSD(T) calculations for AmF2
and NoF2 (cf. Table 3.5). Here, the deviations from the SPP CCSD(T) bond ener-
gies amount to 0.33/0.31 and 0.25/0.21 eV for LPP/LPP+CPP calculations of AmF2
and NoF2, respectively. Furthermore, the LPP+CPP bond lengths and bond angles
are also in better agreement with the SPP data than the pure LPP results (differences
between SPP and LPP/LPP+CPP: AmF2 ∆Re=0.093/0.068 Å,∆∠=12.4/10.3◦; NoF2

∆Re=0.057/0.043 Å,∆∠=8.7/6.4◦).
Aside from the limited validity of the 5f-in-core approach for PuF2 and AmF2, the
deviations can be explained by the larger BSSE of the SPP compared to the LPP/
LPP+CPP calculations at the CCSD(T) level. Using the counterpoise correction the
SPP bond energies are reduced from 5.517/5.043 eV to 5.319/4.777 eV correspond-
ing to a BSSE of 0.198/0.266 eV for AmF2/NoF2. These are reasonable amounts for
the BSSE, since the (14s13p10d8f6g)/[6s6p5d4f3g] basis sets [21] recover only about
80% of the atomic CCSD(T) correlation energy. In the case of the LPP CCSD(T) cal-
culations the counterpoise correction yields by 0.041/0.039 eV smaller bond energies,
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Table 3.6: First and second IPs (in eV) of the divalent actinides Pu–No (except for
Cm) from LPP state-averaged MCSCF calculations with and without using
CPPs in comparison to SPP state-averaged MCSCF data [21].a

IPb
1 IPb

2

An LPP CPPc SPP LPP CPPc SPP
Pu 4.91 5.22 4.73 10.65 11.18 10.84
Am 4.97 5.30 4.77 10.80 11.36 11.02
Bk 5.11 5.46 4.99 11.10 11.66 11.25
Cf 5.18 5.53 5.09 11.24 11.79 11.34
Es 5.25 5.59 5.21 11.40 11.92 11.50
Fm 5.32 5.64 5.34 11.54 12.03 11.66
Md 5.39 5.69 5.41 11.69 12.12 11.75
No 5.46 5.71 5.51 11.84 12.18 11.88

aBasis sets: LPP (7s6p5d2f1g)/[6s5p4d2f1g]; SPP (14s13p10d8f6g)/[6s6p5d4f3g].
bInitial and final states: IP1: 5fn+17s2 → 5fn+17s1; IP2: 5fn+17s1 → 5fn+17s0.
cLPP calculations using CPPs.

i.e. the energies are reduced from 5.188/4.790 eV to 5.147/4.751 eV for AmF2/NoF2.
Thus, the BSSE using LPPs are clearly smaller than that usingSPPs, which consti-
tutes an enormous advantage compared to the SPP calculations. Taking the BSSE
into account the deviations in bond energies related to the SPP data are reduced to
0.17/0.15 eV and 0.026/0.017 eV for LPP/LPP+CPP calculations of AmF2 and NoF2,
respectively. Hence, at the correlated level the LPP bond energies with and without
using CPPs are in good agreement with the reference data, andthe use of CPPs shows
an improvement of the results.

3.1.5.3 Actinide Tetrafluorides

The HF and CCSD(T) calculations for AnF4 (An=Th–Cf) using LPPs with and without
CPPs will be compared to SPP and experimental data [64, 65]. The Mulliken orbital
population analysis will not be discussed in detail, because it leads to similar conclu-
sions as for AnF2. However, the 5f orbital populations will be given togetherwith the
other results as well as the available experimental data in Table 3.7.

Actinide Tetrafluoride Structure The An–F bond lengths decrease almost linearly
(LPP correlation coefficient 0.995) with increasing nuclear charge, whereby the de-
crease from ThF4 to CfF4 amounts to 0.09 and 0.11 Å for LPP HF and SPP state-
averaged MCSCF calculations, respectively. Since for AnF4 as well as for AnF2 nine
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actinide elements, i.e. Th–Cf respectively Pu–No, are considered, one can compare
the actinide contraction for these compounds. In the case ofAnF4 the contraction is
somewhat larger than that for AnF2 (AnF2 contraction: 0.08/0.03 Å for LPP/SPP). The
reason for this is that the An–F bond in AnF2 is more ’rigid’ [72] as can be seen from
a comparison of the force constants, e.g., for LPP HF calculations the force constants
are 0.06427 and 0.05843 a.u. for PuF2 and PuF4, respectively.

Table 3.7: An–F bond lengthsRe (in Å), bond energies Ebond (in eV), and f orbital oc-
cupations for AnF4 (An=Th–Cf) from LPP HF calculations with and with-
out using CPPs in comparison to experimental/estimated data [64, 65] and
SPP state-averaged MCSCF calculations. For ThF4 and UF4 LPP CCSD(T)
results with and without using CPPs are given in italics.

Re Ebond f occ.
An LPP CPPa SPP Exp.b LPP CPPa SPP LPPc SPP
Th 2.107 2.101 2.115 2.124 5.617 5.630 5.571 0.27 0.28

2.101 2.097 7.117 7.152
Pa 2.104 2.098 2.092 5.422 5.426 5.451 0.20 1.23
U 2.094 2.088 2.072 2.059 5.311 5.310 5.379 0.16 2.22

2.091 2.088 6.813 6.839
Np 2.082 2.075 2.059 2.04 5.240 5.237 5.254 0.15 3.22
Pu 2.070 2.063 2.047 2.03 5.188 5.183 5.146 0.13 4.22
Am 2.057 2.050 2.035 2.02 5.152 5.147 5.057 0.12 5.22
Cm 2.044 2.037 2.026 5.131 5.124 4.980 0.12 6.21
Bk 2.031 2.024 2.017 5.118 5.112 4.880 0.11 7.19
Cf 2.020 2.013 2.001 5.106 5.099 5.037 0.11 8.19

aLPP calculations using CPPs.
bFor Np–Am the values are estimated.
c0–8 electrons in the 5f shell are attributed to the LPP core for Th–Cf, respectively.

The LPP HF results are in good agreement with the SPP reference data, i.e. the An–
F distances determined using LPPs are at most 0.023 Å (1.1%) too long. The m.a.e.
and m.r.e. amount to 0.018 Å and 0.9%, respectively. For CmF4 the LPP HF result
differs by 0.022 Å (1.1%) from the AE DHF bond length 2.022 Å [73] determined by
using (28s28p19d13f2g) and (13s9p3d) basis sets for Cm and F, respectively. Com-
pared to experimental (Th, U) and estimated (Np–Am) values the LPP HF calculations
yield also satisfactory results, i.e. the m.a.e. (m.r.e.) amounts to 0.034 Å (1.7%). The
obtained An–F bond lengths (An=Th, U–Am) are also in good agreement with those
determined by an interionic force model (Th 2.140, U 2.055, Np 2.042, Pu 2.029,
Am 2.017 Å) [74], i.e. the bond lengths deviate on average by 0.039 Å (1.9%). So
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the 5f-in-core approximation holds quite good for the tetravalent PPs, although the
calculated SPP 5f occupations are about 0.22 electrons larger than the integral LPP
occupations. The reason why this approximation still worksis the f-part of the LPP,
which sufficiently accounts for the 5f participation in chemical bonding, i.e. the LPP
5f occupations attain values up to 0.27 electrons, and thus the differences between the
LPP and SPP 5f occupations only amount to ca. 0.07 electrons.
The use of LPPs in combination with CPPs yields about 0.007 Å smaller bond lengths
compared to pure LPP HF calculations. Therefore the deviations from SPP calcula-
tions are reduced by about 30% compared to those using pure LPPs, i.e. the m.a.e.
(m.r.e.) decreases from 0.018 (0.9%) to 0.012 Å (0.6%). The comparison to experi-
mental and estimated data shows just a slight improvement, if CPPs are used, i.e. the
m.a.e. (m.r.e.) decreases from 0.034 (1.7%) to 0.030 Å (1.5%).
The introduction of correlation via CCSD(T) shortens the An–F distances by 0.006
and 0.003 Å for ThF4 and UF4, respectively. The differences between LPP CCSD(T)
calculations and experimental data amount to−0.023/+0.032 Å for ThF4/UF4, and are
thus slightly larger respectively smaller than those between LPP HF calculations and
the experiment (−0.017/+0.035 Å for ThF4/UF4).
The use of CPPs at the CCSD(T) level has only a small effect on the An–F bond length,
i.e. the Th–F and U–F bond lengths are shortened by 0.004 and 0.003 Å, respectively.
Therefore the deviation to the experiment also changes onlyslightly, i.e. it becomes
larger respectively smaller for ThF4 and UF4 (−0.023/−0.027 and+0.032/+0.029 Å
for LPP/LPP+CPP of ThF4 and UF4).

Actinide–fluorine Bond Energy The An–F bond energies decrease by 0.51 and
0.53 eV from ThF4 to CfF4 for LPP and SPP calculations, respectively. This is due
to the increasing F–F repulsion with decreasing An–F distances as it is the case for
AnF2. While the LPP HF bond energies decrease smoothly, the SPP data show a min-
imum for BkF4, i.e. for the half-filled 5f shell.
The LPP HF bond energies deviate at most by 0.15 eV (3.0%) fromSPP reference data
except for BkF4, for which the difference is 0.24 eV (4.9%). However, this deviation
is reduced to 0.049 eV (0.7%), if LPP and SPP CCSD(T) single-point calculations on
the HF optimized BkF4 structures are compared (CCSD(T) results: 6.604/6.653 eV for
LPP/SPP; frozen orbitals: F 1s for LPP and F 1s, Bk 5s, 5p, 5d for SPP). Taking the
BSSE into account this deviation is even further reduced to 0.037 eV (counterpoise
corrected CCSD(T) results: 6.507/6.470 eV for LPP/SPP). Toinvestigate the correla-
tion effects single-point CCSD(T) calculations were considered to be sufficient, since
the AnF4 structures are only slightly affected by using CCSD(T) instead of HF, i.e. the
An–F bond lengths decrease by at most 0.006 Å. For the other elements (Th–Cm, Cf)
the m.a.e. (m.r.e.) at the HF level amounts to 0.064 eV (1.2%)and the largest devia-
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tions occur for Am (0.095 eV) and Cm (0.15 eV), where the differences between the
LPP and SPP 5f occupations achieve their maximum (0.10/0.09electrons for Am/Cm).
The application of CPPs at the HF level affects the bond energies only very slightly
and the deviations compared to the SPP data remain almost constant, i.e. without BkF4
the m.a.e. (m.r.e.) is 0.063 (1.2%). The change from LPP HF toLPP CCSD(T) cal-
culations results in a strong increase of the bond energies by 1.50 eV. The use of LPPs
in connection with CPPs at the CCSD(T) level causes for both ThF4 and UF4 only a
small increase in bond energy by 0.035 and 0.026 eV, respectively.

3.1.5.4 Actinide Pentafluorides

The LPP HF and CCSD(T) calculations for AnF5 (An=Pa–Am) will be compared to
SPP state-averaged MCSCF calculations as well as to experimental [66] and compu-
tational [69, 75, 76] data from the literature. The results for bond lengths, angles, and
energies as well as the 5f orbital populations are listed in Table 3.8.

Actinide Pentafluoride Structure While in 1977 the infrared spectrum of UF5 [66]
indicated aC4v symmetry, later computational studies [75] including relativistic effects
(also SO coupling) showed theD3h geometry to be 1 kcal mol−1 lower than theC4v

one. This finding is not contradictory to the experimental result, since in the photogen-
eration of UF5 from UF6 one has an internal energy excess of more than 1 kcal mol−1.
The geometry optimizations were performed imposingC4v symmetry, so that the LPP
results can also be compared to experimental values.
Due to the actinide contraction the An–F bond lengths calculated by using LPP HF
and SPP state-averaged MCSCF decrease continuously with increasing nuclear charge.
The decrease of axial bond lengthsRax is slightly larger than that of equatorial bond
lengthsReq, because the axial ligand experiences a lower ligand–ligand repulsion than
the equatorial ligands (LPP:∆Rax=0.05,∆Req=0.03; SPP:∆Rax=0.07,∆Req=0.05 Å).
The Fax–An–Feq bond angles stay almost constant along the actinide row, i.e. the de-
viation between angles of different actinides amount at most to 0.9 and 1.8◦ for LPPs
and SPPs, respectively.
The An–F bond lengthsRax andReq from LPP HF calculations are in good agree-
ment with the SPP reference data, i.e. the m.a.e. (m.r.e.) amount to 0.007 (0.4%)
and 0.011 Å (0.5%) forRax andReq, respectively. The maximum error for both bond
lengths is 0.013 Å (0.7%). The deviations between LPP and SPPbond angles are
slightly larger, i.e. the m.a.e. (m.r.e.) and the maximum error amount to 2.6 (2.5%)
and 3.8◦ (3.7%), respectively. Furthermore, the LPP HF structure for UF5 is compa-
rable to that of a former HF calculation, where a Cowan–Griffin ECP for U and VDZ
basis sets were used (ECP HF:Rax=2.00,Req=2.00 Å,∠=100◦) [75]. The deviations



52 CHAPTER 3 RESULTS AND DISCUSSION

Table 3.8: An–F bond lengthsRax andReq (in Å) and angles∠Fax–An–Feq (in deg),
bond energies Ebond (in eV), and f orbital populations for AnF5 (An=Pa–
Am) from LPP HF and SPP state-averaged MCSCF calculations. For PaF5
and UF5 LPP CCSD(T) and AE DFT [69] as well as experimental [66] data
are given in italics.

Rax Req ∠ Ebond f occ.
An LPP SPPa LPP SPPa LPP SPPa LPP SPP LPPb SPP
Pa 2.034 2.047 2.027 2.040 106.8 105.6 5.556 5.504 0.56 0.56

2.035 2.061 2.023 2.060 106.4 100.3 7.086
U 2.028 2.026 2.028 2.022 107.5 105.7 5.263 5.386 0.42 1.55

2.032 2.00 2.028 2.02 107.4 101 6.759
Np 2.017 2.008 2.021 2.007 107.7 103.9 5.099 5.255 0.36 2.60
Pu 2.002 1.996 2.009 1.996 107.7 104.7 5.003 5.092 0.33 3.61
Am1.988 1.982 1.998 1.987 107.6 104.5 4.933 4.962 0.31 4.63

aGiven in italics: PaF5: AE DFT/BP86 results using ZORA and pVTZ basis sets; UF5: experimental
values.
b0–4 electrons in the 5f shell are attributed to the LPP core for Pa–Am, respectively.

in bond lengths and angles are 0.03 Å (1.4%) and 8◦ (8.0%), respectively.
If correlation is included via CCSD(T), the molecular structures of PaF5 and UF5
change only slightly by at most 0.004 Å and 0.4◦. For PaF5 the deviations between
LPP CCSD(T) results and AE DFT/BP86 calculations using the zero-order regular ap-
proximation (ZORA) and pVTZ basis sets [69] amount to 0.026,0.037 Å, and 6.1◦ for
Rax, Req, and∠, respectively. For UF5 the differences between LPP CCSD(T) and
experimental [66] results are 0.03, 0.01 Å, and 6◦ for Rax, Req, and∠, respectively.
Moreover, the comparison to the UF5 structure calculated by SPP DFT/PBE0 using
pVDZ basis sets [76] gives deviations of just 0.018, 0.013 Å,and 9.1◦ for Rax, Req,
and∠, respectively (SPP DFT/PBE0:Rax=2.014,Req=2.015 Å,∠=98.3◦). Thus, the
LPP CCSD(T) results are also in good agreement with corresponding reference data
and confirm the reliability of the pentavalent LPPs.
These good results can be explained by the 5f occupations. The SPP 5f occupations
vary on average by 0.59 and at most by 0.63 electrons from the assumed LPP 5fn−2

occupations, which demonstrates that the 5f orbitals participate to some extent in the
An–F bonding. However, the 5f-in-core approach still yields reasonable results, since
the differences between LPP and SPP 5f occupations amount onaverage only to 0.19
and at most to 0.32 electrons, because the f-part of the LPP allows for some 5f occu-
pation in addition to the integral 5fn−2 assumption.
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Actinide–fluorine Bond Energy The An–F bond energy of AnF5 decreases by 0.62
and 0.54 eV with increasing nuclear charge for LPP HF and SPP state-averaged
MCSCF calculations, respectively. This is related to the increasing F–F repulsion,
which is due to the decreasing An–F bond length.
The LPP and SPP An–F bond energies are in good agreement, i.e.the m.a.e. (m.r.e.)
amounts to 0.090 eV (1.7%) and the maximum error, which occurs for Np, is 0.16 eV
(3.0%). As expected the inclusion of electron correlation via CCSD(T) clearly in-
creases the An–F bond energies by ca. 1.5 eV.

3.1.5.5 Actinide Hexafluorides

The LPP HF and CCSD(T) calculations for AnF6 (An=U–Am) will be compared to
SPP state-averaged MCSCF results and experimental [67,68]as well as computational
[13, 77, 78] data from the literature. The results for bond lengths, bond energies, and
5f orbital populations are listed in Table 3.9.

Actinide Hexafluoride Structure The An–F bond lengths calculated by using LPPs
at the HF level increase from UF6 to NpF6 by 0.007 Å and decrease from NpF6 to
AmF6 by 0.018 Å. The SPP state-averaged MCSCF bond lengths, however, decrease
smoothly with increasing nuclear charge by 0.034 Å. While the reason for the decrease
is the well-known actinide contraction, the increase from UF6 to NpF6 is possibly due
to a shortcoming of the LPP method, because forReq of AnF5 an analogous, but clearly
smaller, increase from PaF5 to UF5 by 0.001 Å is obtained (cf. Table 3.8). Since the
U–F bond length is only by ca. 0.02 Å smaller than expected, this LPP shortcoming is
still acceptable.
The LPP HF results are in good agreement with the SPP reference data, i.e. the
LPP An–F distances are at most by 0.031 Å (1.6%) too long and the m.a.e. (m.r.e.)
amounts to 0.018 Å (0.9%). For UF6, NpF6, and PuF6 the comparison of the LPP
HF bond lengths to those of HF calculations [13], where Cowan–Griffin ECPs for An
and pVDZ basis sets were used, shows also satisfactory results, i.e. the maximum
error amounts to 0.037 Å (1.9%) (ECP HF: UF6 Re=1.984, NpF6 Re=1.972, PuF6
Re=1.943 Å). Moreover, the obtained U–F bond length is also in good agreement with
that determined by a SPP HF calculation [78] using an aug-pVDZ basis set for F, i.e.
the bond lengths deviate by 0.009 Å (0.5%) (SPP HF:Re=1.985 Å). Thus, in the case
of the An–F bond lengths the hexavalent 5f-in-core approximation still holds, although
the calculated SPP 5f occupations are about 1.35 electrons larger than the integral LPP
occupations and even the differences between the LPP and SPP5f occupations amount
to ca. 0.66 electrons.
Analogous to the AnF5 results the introduction of correlation via CCSD(T) increases
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Table 3.9: An–F bond lengthsRe (in Å), bond energies Ebond (in eV), and f orbital
populations for AnF6 (An=U–Am) from LPP HF and SPP state-averaged
MCSCF calculations. For UF6, NpF6, and PuF6 LPP CCSD(T) and exper-
imental [67] results are given, too.

Re Ebond f occ.
An LPPa SPP CCb Exp.c LPPa SPP CCb LPPa,d SPP
U 1.976 1.975 1.978 1.996(8) 5.355 5.646 6.931 0.96 1.16
Np 1.983 1.966 1.988 1.981(8) 4.813 5.499 6.360 0.67 2.28
Pu 1.980 1.949 1.989 1.971(10) 4.542 5.439 6.093 0.56 3.46
Am 1.965 1.941 4.479 5.279 0.59 4.52

aLPP HF results.
bLPP CCSD(T) results.
cFor UF6 also another experimental value is available:Re=1.999(3)Å [68].
d0–3 electrons in the 5f shell are attributed to the LPP core for U–Am, respectively.

the An–F bond lengths only slightly by at most 0.009 Å. The differences between LPP
CCSD(T) and experimental [67] data are at most 0.018 Å (0.9%)and the m.a.e. (m.r.e.)
amounts to 0.014 Å (0.7%). Compared to DFT data from the literature [13,77,78] the
LPP CCSD(T) bond lengths deviate at most by 0.036 Å (1.8%) (ECP DFT/B3LYP
[13]: UF6 Re=2.014, NpF6 Re=2.013, PuF6 Re=1.985; SPP DFT/B3LYP [77]: UF6
Re=2.007, NpF6 Re=1.991, PuF6 Re=1.977; SPP DFT/PBE0 [78]: UF6 Re=1.994 Å).
Therefore the correlated calculations of AnF6 (An=U–Pu) confirm the good perfor-
mance of the hexavalent 5f-in-core PPs for the An–F bond lengths.

Actinide–fluorine Bond Energy The An–F bond energies decrease continuously
with increasing nuclear charge by 0.88 and 0.37 eV for LPP andSPP calculations, re-
spectively. This is due to the increasing F–F repulsion withdecreasing An–F distances
as it is the case for AnF5.
In contrast to the good agreement for the An–F bond lengths, the LPP HF bond ener-
gies of AnF6 deviate considerably from the SPP state-averaged MCSCF data, i.e. the
m.a.e. (m.r.e.) and the maximum difference are 0.67 (12.3%)and 0.90 eV (16.5%),
respectively. These significant discrepancies are in line with the high differences be-
tween LPP and SPP 5f occupations of up to 0.93 electrons. For UF6, however, where
these 5f occupations differ only by 0.20 electrons, the An–Fbond energy is still rea-
sonable, i.e. it deviates by 0.29 eV (5.1%). Thus, the 5f-in-core approximation seems
to reach its limitations for the hexavalent oxidation stateexcept for U, which corre-
sponds to 5f0. Therefore the hexavalent 5f-in-core LPPs for Np–Am shouldonly be
used for preoptimizing structures prior to more rigorous studies including the 5f shell
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explicitly.

3.1.5.6 Actinide Trifluorides

The HF calculations for AnF3 (An=Ac–Lr) using LPPs in connection with CPPs will
be compared to those using pure LPPs respectively SPPs [20] (cf. Table 3.10). Fur-
thermore, CCSD(T) calculations using LPPs with and withoutCPPs will be compared
to DFT, MP2, and complete active space second-order perturbation theory (CASPT2)
data from the literature [76,79,80] (cf. Table 3.11).
Since for Th and Pa the trivalent oxidation state is not preferred (Th) or even not stable
(Pa) in aqueous solution (cf. Table 1.1) [1], the trivalent subconfiguration 5fn mixes
strongly with the corresponding energetically low-lying tetravalent subconfiguration
5fn−16d1 yielding significantly smaller SPP 5f occupations than assumed for the LPP
core [20] (cf. Table 3.11). Thus, for ThF3 and PaF3 the assumption of a near-integral
5f occupation is too crude [20], and all m.a.e. and m.r.e. were calculated neglecting
the results for these two systems.

Actinide Trifluoride Structure Using the trivalent 5f-in-core LPPs [20] in connec-
tion with CPPs, the LPP HF An–F bond lengths and F–An–F bond angles decrease
on average by 0.015 Å (0.7%) and 1.5◦ (1.2%), respectively. Since the SPP state-
averaged MCSCF bond lengths and angles are overestimated byabout 0.020 Å (0.9%)
and 3.7◦ (3.2%), respectively, using pure LPPs, the application of CPPs reduces the
m.a.e. (m.r.e.) to 0.010 Å (0.5%) and 2.1◦ (1.9%). Thus, the use of CPPs clearly im-
proves the results of the LPPs. In comparison to the Cm–F bondlength (Re=2.095 Å)
from an AE DHF calculation [73] the LPP+CPP HF result is also considerably better
than the pure LPP HF result, i.e. the LPP and LPP+CPP bond lengths are by 0.019 and
0.001 Å too long, respectively.
If correlation effects are taken into account via CCSD(T), the LPP bond lengths and
angles are reduced by about 0.017 Å (0.8%) and 4.5◦ (3.8%) with respect to the HF
values, respectively. The decrease in CCSD(T) bond lengthsand angles due to the
application of CPPs is almost by 50% smaller than that for theHF calculations, i.e. it
amounts to 0.009 Å (0.4%) and 0.8◦ (0.7%), respectively. The reason for this smaller
decrease is most likely that the CCSD(T) bond lengths and angles are already reduced
by valence correlation effects and that consequently the further reduction is compli-
cated due to the increased F–F repulsion.
The LPP/LPP+CPP CCSD(T) bond length and angle of UF3 show reasonable agree-
ment with those from a SPP DFT/PBE0 calculation (Re=2.069 Å;∠=105◦) [76], i.e.
the deviations amount to 0.080/0.074 Å (3.9/3.6%) and 7◦/6◦ (6.7/5.7%), respectively.
The same is true for the DFT and MP2 results for UF3 published by Joubert and
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Table 3.10:An–F bond lengthsRe (in Å), bond angles∠F–An–F (in deg), and ionic
binding energies∆Eion (in eV) for AnF3 (An=Ac–Lr) from HF calcu-
lations using LPPs with and without CPPs as well as from SPP state-
averaged MCSCF calculations.

Re ∠F–An–F ∆Eion

An LPP CPPa SPP LPP CPPa SPP LPP CPPa SPP
Ac 2.207 2.200 2.213 115.7 115.4 115.9 42.99 43.18 42.92
Th 2.193 2.184 2.125 115.1 114.7 101.8 43.36 43.59 46.53
Pa 2.179 2.170 2.109 115.1 114.6 113.6 43.71 43.99 45.33
U 2.166 2.154 2.124 115.4 114.7 108.5 44.06 44.40 44.88
Np 2.152 2.139 2.118 115.8 114.9 110.6 44.41 44.81 45.04
Pu 2.139 2.125 2.109 116.2 115.1 112.4 44.75 45.20 45.56
Am 2.126 2.110 2.100 116.6 115.3 112.9 45.08 45.58 45.82
Cm 2.114 2.096 2.097 117.2 115.6 114.5 45.41 45.97 45.71
Bk 2.102 2.084 2.085 117.6 115.7 114.7 45.70 46.31 46.24
Cf 2.090 2.071 2.078 118.1 116.0 114.7 46.03 46.67 46.62
Es 2.080 2.060 2.059 118.5 116.2 114.8 46.31 46.98 46.82
Fm 2.069 2.050 2.045 118.9 116.4 113.9 46.58 47.27 47.10
Md 2.058 2.039 2.043 119.5 117.0 116.0 46.90 47.58 47.46
No 2.047 2.031 2.039 119.7 117.6 116.0 47.18 47.83 47.61
Lr 2.037 2.023 2.034 120.0 118.4 117.1 47.47 48.06 47.57

aLPP calculations using CPPs.

Maldivi [79], who included scalar-relativistic corrections either by a frozen-core ap-
proximation with a quasirelativistic treatment of the valence electron shells or by an
energy-adjusted quasirelativistic pseudopotential, where the 5f, 6s, 6p, 6d, and 7s elec-
trons are treated explicitly. Depending on the method the obtained bond lengths and
angles are in-between 2.051–2.122 Å and 104.7–118.4◦, respectively. Therefore the
LPP and LPP+CPP results deviate in a range of 0.027–0.098 and0.021–0.092 Å as
well as from−6.9 to+6.8 and from−7.2 to+6.5◦, respectively. Compared to the
Am–F bond length (Re=2.078 Å) from an AE DFT/BP calculation including the 5f,
6s, 6p, 6d, 7s, and 7p orbitals in the valence space and using ZORA [80], the LPP and
LPP+CPP CCSD(T) bond lengths deviate just by 0.031 (1.5%) and 0.022 Å (1.1%),
respectively. Furthermore, the differences between the LPP/LPP+CPP CCSD(T) Am–
F bond lengths and those from CASPT2 calculations using either a scalar Douglas–
Kroll–Hess (DKH) Hamiltonian or the SPP [80] are 0.046/0.037 and 0.027/0.018 Å,
respectively (Re: DKH 2.063; SPP 2.082 Å). Thus, the LPP CCSD(T) results show
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good agreement with the available data from the literature and the CPPs improve the
pure LPP results.

Ionic Binding Energy In the case of the LPP HF ionic binding energies the use of
CPPs causes a mean increase by 0.50 eV (1.1%). Therefore the deviations from the
SPP HF results become more than 50% smaller, if CPPs are applied, i.e. the m.a.e.
(m.r.e.) amount to 0.51 (1.1%) and 0.24 eV (0.5%) for LPP and LPP+CPP HF calcu-
lations, respectively.

Table 3.11:An–F bond lengthsRe (in Å), bond angles∠F–An–F (in deg), and ionic
binding energies∆Eion (in eV) for AnF3 (An=Ac–Lr) from CCSD(T)
calculations using LPPs with and without CPPs. Additionally, LPP HF
and SPP state-averaged MCSCF f orbital populations from a Mulliken
population analysis are given.

Re ∠F–An–F ∆Eion f occ.
An LPP CPPa LPP CPPa LPP CPPa LPPb SPP
Ac 2.189 2.185 112.5 112.5 43.82 43.91 0.13 0.23
Th 2.176 2.172 111.7 111.6 44.18 44.30 0.10 0.60
Pa 2.163 2.158 111.4 111.2 44.54 44.68 0.09 1.52
U 2.149 2.143 111.5 111.2 44.89 45.07 0.08 3.02
Np 2.135 2.128 111.7 111.3 45.24 45.45 0.07 4.05
Pu 2.122 2.114 112.0 111.4 45.57 45.82 0.07 5.07
Am 2.109 2.100 112.2 111.5 45.90 46.19 0.06 6.07
Cm 2.097 2.086 112.6 111.7 46.22 46.56 0.06 7.07
Bk 2.085 2.074 112.9 111.7 46.51 46.89 0.06 8.07
Cf 2.073 2.061 113.2 112.0 46.83 47.25 0.05 9.07
Es 2.062 2.050 113.5 112.1 47.11 47.56 0.05 10.07
Fm 2.052 2.040 113.7 112.3 47.39 47.86 0.05 11.06
Md 2.041 2.029 114.2 112.7 47.70 48.18 0.05 12.06
No 2.031 2.020 114.5 113.2 47.99 48.46 0.05 13.05
Lrc 2.020 2.012 114.9 113.6 48.28 48.72 0.05 14.04

aLPP calculations using CPPs.
b0–14 electrons in the 5f shell are attributed to the LPP core for Ac–Lr, respectively.
cSPP CCSD(T):Re=2.002 Å,∠F–Lr–F=111.5◦, ∆Eion=48.83eV.

At the CCSD(T) level the LPP HF ionic binding energies are increased by about
0.82 eV (1.8%). Compared to the HF results the application ofCPPs yields a smaller
mean increase of the ionic binding energies by 0.32 eV (0.7%). Because of this in-
crease, a clear improvement due to CPPs is found in comparison to the SPP CCSD(T)



58 CHAPTER 3 RESULTS AND DISCUSSION

optimization of LrF3 (Re=2.002 Å;∠=111.5◦; ∆Eion=48.83 eV). The deviations from
the SPP CCSD(T) ionic binding energy amount to 0.55 (1.1%) and 0.11 eV (0.2%)
for LPP and LPP+CPP calculations, respectively. Furthermore, the LPP+CPP bond
lengths and angles are also in better agreement with the SPP data than the pure LPP
results, i.e. the differences between SPP and LPP/LPP+CPP results are 0.018/0.010 Å
and 3.4/2.1◦ for bond lengths and angles, respectively. Hence, the use ofCPPs also
leads to an improvement of the ionic binding energies.

3.1.5.7 Comparison of the Actinide Fluorides

Figure 3.5 shows the deviations between the SPP state-averaged MCSCF and integral
or assumed LPP 5f occupations for AnFn (n=2–6) [20,29,30]. The deviations between
these 5f occupations increase with increasing oxidation state, i.e. the m.a.e. amount
to 0.01, 0.12, 0.22, 0.59, and 1.35 electrons for di-, tri-, tetra-, penta-, and hexavalent
actinide atoms, respectively. The reason for this is that the higher the assumed oxi-
dation state, the less probable it is, since ionization energies increase with increasing
positive charge. As one can see for ThF3 (Z=90) and PaF3 (Z=91) as well as for PuF2
(Z=94) the integral 5f occupations are larger than the SPP 5f occupations. This is due
to the fact that for these actinides the tri- and divalent oxidation states are not preferred
(Th) or even not stable (Pa, Pu) in aqueous solution (cf. Table 1.1) [1]. Thus, the
tri- and divalent subconfigurations 5fn and 5fn+1 mix strongly with the corresponding
energetically low-lying tetra- and trivalent subconfigurations 5fn−16d1 and 5fn6d1, re-
spectively, yielding smaller SPP 5f occupations than assumed for the LPP core [20].
For all other cases especially the penta- and hexavalent oxidation states the integral 5f
occupations are too small.
Figure 3.6 presents the differences between SPP state-averaged MCSCF and LPP HF
5f occupations for AnFn (n=2–6) [20, 29, 30]. One can see that the f-part of the LPP,
which allows for some additional 5f occupation, clearly reduces the deviations for all
AnFn except for those cases, where the integral 5f occupations are larger than those
of the SPPs, i.e. for ThF3, PaF3, and PuF2. The m.a.e. are 0.01, 0.02, 0.07, 0.19, and
0.66 electrons for di-, tri-, tetra-, penta-, and hexavalent actinide atoms, respectively
(divalent m.a.e. without Pu; trivalent m.a.e. without Th, Pa). The 5f occupations for
AnF2, AnF3, and AnF4 differ at most by ca. 0.1 electrons except for ThF3, PaF3, and
PuF2. For AnF5 the differences in the 5f occupations are slightly larger and differ by
at most ca. 0.3 electrons. However, this difference is stillacceptable, because the pen-
tavalent PPs yield analogous to the di-, tri-, and tetravalent LPPs reasonable results for
bond lengths and energies5, i.e. the m.a.e. (m.r.e.) are at most 0.023 Å (1.1%) and

5Bond energies for AnF3 (An=Ac–Lr) from LPP HF and SPP state-averaged MCSCF calculations
[19,20] are given in Table C.7.
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Figure 3.5: Differences between SPP state-averaged MCSCF and integralLPP 5f
occupations for AnF2 (An=Pu–No) [29], AnF3 (An=Ac–Lr) [20], AnF4

(An=Th–Cf) [29], AnF5 (An=Pa–Am) [30], and AnF6 (An=U–Am) [30].
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Figure 3.6: Differences between SPP state-averaged MCSCF and LPP HF 5f occupa-
tions for AnF2 (An=Pu–No) [29], AnF3 (An=Ac–Lr) [20], AnF4 (An=Th–
Cf) [29], AnF5 (An=Pa–Am) [30], and AnF6 (An=U–Am) [30].
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0.11 eV (3.0%) for bond lengths and energies, respectively (divalent m.a.e. without
Pu; trivalent m.a.e. without Th, Pa). For AnF6, however, the deviations of the 5f occu-
pations are significantly increased up to ca. 0.9 electrons,which explains the failure of
the hexavalent PPs in the case of the bond energies. For UF6 one can see that the devi-
ation of the 5f occupation is comparable to those for AnF5, wherefore the hexavalent
PP for uranium yields reasonable results even for the bond energy (∆5f=0.20 electrons,
∆Ebond=0.29 eV (5.2%)). Finally, one can conclude that differences between SPP and
LPP 5f occupations higher than 0.5 electrons become too large.

3.1.6 Range of Applications

The 5f-in-core LPPs simplify electronic structure calculations on actinide compounds
significantly. However, the assumption of a fixed near-integral 5f occupancy also bears
the danger of misuse of the approach, e.g., for cases where another 5f occupancy than
modeled by the PP is actually present, cases where states with different 5f occupan-
cies mix, or systems where the 5f orbitals strongly contribute directly to chemical
bonding in a MO-LCAO (molecular orbitals by linear combination of atomic orbitals)
sense. Thus, users of the 5f-in-core LPPs have to verify the underlying assumption by
(single-point) test calculations using, e.g. 5f-in-valence SPPs [15, 21] or AE methods
at the HF level. It is clear that questions related to individual electronic states cannot
be addressed with the present approach, which rather provides answers for an average
over a multitude of states characterized by the same 5f occupancy and the same va-
lence substate, i.e. a superconfiguration in the sense of theconcept of Field advocated
for lanthanides more than two decades ago [81].
The range of possible applications of the actinide 5f-in-core PPs is certainly somewhat
smaller than for lanthanide 4f-in-core PPs [17]. Nevertheless, a quite significant part
of actinide chemistry remains open for applications of thisapproach. Possible appli-
cations of the divalent 5f-in-core PPs are, e.g., the study of metal clusters of heavier
actinides, similar to previous related work on ytterbium clusters [82]. In the case of
the tetravalent actinides the bis-cyclooctatetraene complexes have been successfully
investigated with 5f-in-core PPs, which were found to be able to model quite well the
contributions of f and d orbitals to metal–ring bonding [83](cf. Sect. 3.1.7). In addi-
tion a couple of applications have been published for trivalent 5f-in-core PPs, i.e. DFT
studies on actinide(III) motexafin complexes (An–Motex2+, An=Ac, Cm, Lr) [23] and
on the hydration behavior of trivalent actinide ions [24] demonstrate that the 5f-in-core
approach performs encouragingly well. Furthermore, the cohesive energy of crys-
talline uranium nitride and its electron charge distribution has been investigated using
the trivalent 5f-in-core PP [25]. Therefore despite the widespread common knowledge
that the actinide 5f shell is chemically active and cannot beattributed to the core, am-
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ple quantitative evidence is found that such an approximation can be made without
too much loss of accuracy for many cases. However, for the higher, namely penta-
and hexavalent, oxidation states the successful applications will noticeably decrease
compared to those of the lower oxidation states, because thehigher oxidation states
are only formally realized in molecules. For example in the case of penta- AnO+2
and hexavalent AnO2+2 actinyl ions the 5f-in-core PPs failed except for UO2+

2 [30] (cf.
Sect. 3.1.8). The investigation of uranyl(VI) complexes with aromatic acids in aque-
ous solution using the hexavalent LPP showed reasonable results [84] (cf. Sect. 3.1.9).
However, the hexavalent uranium PP is no 5f-in-core but onlya large-core PP, because
its assumed 5f occupation is zero (5f0).

3.1.7 Application to Actinocenes

The accurate treatment of metal sandwich compounds is stilla considerable challenge
for ab initio quantum chemistry. It was shown to be rather difficult to account accu-
rately for relativistic and electron correlation effects in large organometallic systems
like ferrocene [85]. Due to the larger number of atoms and electrons, the greater im-
portance of relativistic effects due to the heavier centralatom, as well as the need of
higher angular momentum basis functions for the central atom, actinocenes are even
more difficult to treat accurately at an ab initio level than ferrocene.
Uranocene was the first of the f-element sandwich complexes and has been synthe-
sized [86] in 1968 after its theoretical prediction [87] in 1963. Soon after, the syntheses
of the analogous actinocenes of Th [88], Pa [89], and Np as well as Pu [90] were re-
ported. Although all actinocenes were studied spectroscopically, molecular structures
have only been determined for thorocene and uranocene from three-dimensional X-ray
diffraction [91]. The actinide ion, which has a formal +4 oxidation state, was found to
be sandwiched by two eight-membered aromatic rings C8H

2−
8 , which are eclipsed in

conformation giving the moleculeD8h symmetry (cf. Fig. 3.7).
One reason why these fascinating complexes are studied extensively by both experi-
mentalists as well as theoreticians is the speculation on 6dand 5f orbital participation
in metal–ring bonding. Assuming a completely ionic model, i.e. An4+ complexed
by two aromatic C8H

2−
8 ligands, the highest and next-highest occupied ligand orbitals

haveπ character and transform according to the e2u and e2g representations of theD8h

point group, respectively. The actinide central ions have low-lying empty 7s (a1g), 7p
(a2u, e1u), 6d (a1g, e1g, e2g), and partly occupied 5f (a2u, e1u, e2u, e3u) orbitals. There-
fore the most important covalent contributions to actinide–ring bonding arise from the
actinide 6d (e2g) and 5f (e2u) orbitals interacting with the ligandπ orbitals of the same
symmetry [92,93].
This has experimentally been proven, e.g., by the photoelectron spectrum of ura-
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Figure 3.7: Molecular structure of An(C8H8)2 (An=Th–Pu); An, C, and H atoms are
displayed in red, green, and white, respectively.

nocene [94], where the e2u ligand band shows a much slower falloff in cross-section as
the photo energy is increased than expected for a pure C 2p based ligand band, and re-
sponds to the delayed maximum in the metal f band cross-section by a small maximum
at 39 eV. The strong resonance in the 90–125 eV region also indicates a large covalent
contribution of the f orbitals to the e2u ligand orbitals. Furthermore, the crucial role
of 6d orbitals in complex stabilization is implicit in the assignment of the e2u and e2g

ligand bands, since the ionization energy of the e2g compared to that of e2u is signifi-
cantly higher, and thus the e2g orbitals are a larger source of bonding in uranocene.
The extent of the 5f and 6d orbital contributions to actinide–ring bonding has been
discussed by several theoreticians. While some studies demonstrated on the basis of
Mulliken orbital populations the primary role of the 6d orbitals [95, 96], others deter-
mined a more equal bonding role for the 6d and 5f orbitals [92,93, 97, 98]. Boerrigter
et al. [97] found that the 6d effects are more pronounced in the early actinocenes,
with 5f interactions increasing in importance across the series. According to this 5f-
in-valence SPP studies on thorocene [96] and uranocene [98]showed the thorocene
ground state 5f0π4 configuration to be well separated from other configurationsand
that of uranocene 5f2π4 to mix slightly with 5f3π3 and 5f4π2. Moreover, the seven 5f
orbitals in uranocene can be divided into two subgroups, oneof which has only one
orbital symmetry (e2u) and is considerably delocalized (U character about 90%), while
the other one has different orbital symmetries (e1u, e3u, a2u) and is almost completely
localized (U character above 99%) [98]. The unpaired f electrons prefer to occupy the
localized 5f orbitals, since the 5f–ligand-π interaction raises the energy of the 5f e2u
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orbitals (SCF orbital energies:−0.396 (e2u), −0.427 (e1u), −0.428 (e3u), −0.433 a.u.
(a2u)) [95]. The actinocenes are thus interesting candidates totest if such a delicate
balance between 6d and 5f orbital participation in chemicalbonding can be covered
by the 5f-in-core approximation [29], although this approach does not allow config-
urational mixing between states with different 5f occupancies and models a spherical
symmetric 5f shell.

3.1.7.1 Computational Details

The actinocene An(C8H8)2 (An=Th–Pu) geometries were completely HF optimized
using tetravalent 5f-in-core LPPs [29] with and without CPPs imposingD8h symme-
try. For comparison also state-averaged MCSCF calculations using 5f-in-valence SPPs
[15] were performed. In the case of thorocene and uranocene LPP calculations using
various correlation methods, i.e. MP2 with and without CPPs, CCSD(T), and DFT,
were applied, since here experimental structures [91] are available. The 1s orbitals of
the 16 C-atoms were frozen in MP2 as well as CCSD(T) calculations. For An energy-
optimized (7s6p5d2f1g)/[6s5p4d2f1g] [29] and (14s13p10d8f6g)/[6s6p5d4f3g] [21]
valence basis sets were used in LPP and SPP calculations, respectively. For C and H
Dunning’s cc-pVTZ basis sets [62] (10s5p2d)/[4s3p2d] and (5s2p)/[3s2p] were ap-
plied. In the CCSD(T) calculations Dunning’s cc-pVDZ basissets [62] (9s4p1d)/
[3s2p1d] and (4s1p)/[2s1p] for C and H had to be used due to limitations in computa-
tional resources. As functionals in the DFT optimizations [99] both B3LYP [100–105]
and PW91 [104–106] were applied. Here, for C and H TZPP basis sets from the
TURBOMOLE [99] library without 1f and 1d function, i.e. (10s6p2d)/[6s3p2d] and
(5s2p)/[3s2p], were used, respectively.
The ionic metal–ring binding energy of the actinocenes was defined by ∆E =

E(An4+) + 2×E(C8H
2−
8 )−E(An(C8H8)2), where the actinide ion was assumed to

be in the same 5fn−1 configuration as in the complex.
Tables 3.12 and 3.13 list LPP HF and correlated results (actinide–ring distances and
ionic metal–ring binding energies), respectively. Moreover, Table 3.14 shows the Mul-
liken population analyses from LPP HF and SPP state-averaged MCSCF calculations.

3.1.7.2 Actinide–ring Distance

The actinide–ring distances from LPP HF, LPP+CPP HF, and SPPstate-averaged MC-
SCF calculations decrease almost linearly (correlation coefficients: 0.998, 0.997, and
0.989 for LPP, LPP+CPP, and SPP) with increasing nuclear charge by about 0.1 Å,
which is due to the actinide contraction. The LPP results arein good agreement with
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Table 3.12:Actinide–ring distancesRe (in Å) and ionic metal–ring binding energies
∆E (in eV) for An(C8H8)2 (An=Th–Pu) from LPP HF calculations with
and without using CPPs in comparison to SPP state-averaged MCSCF,
quasirelativistic HFS [97], and experimental [91] data.

Re ∆E

An LPP CPPa SPP HFS Exp. LPP CPPa SPP
Th 2.080 2.067 2.084 2.08 2.004 79.75 80.17 79.95
Pa 2.066 2.053 2.048 2.02 80.16 80.61 80.98
U 2.047 2.033 2.013 1.98 1.924 80.75 81.26 81.92
Np 2.027 2.012 1.995 1.97 81.37 81.94 82.53
Pu 2.008 1.991 1.973 1.96 81.94 82.59 83.18

aLPP calculations using CPPs.

SPP as well as Hartree–Fock–Slater (HFS) [97] reference data, i.e. the m.a.e. and
m.r.e. amount to 0.025/0.04 Å and 1.2/2.2% related to SPP/HFS data, respectively.
The application of CPPs shortens the actinide–ring distances by ca. 0.01 Å, wherefore
the deviations to SPP and HFS values are reduced to 0.015 (0.8%) and 0.03 Å (1.7%),
respectively.
The reason why the SPP results are by 0.011 and 0.026 Å shorterthan the former
published SPP actinide–ring distances for thorocene (2.095 Å) [96] and uranocene
(2.039 Å) [98] is the application of different basis sets, i.e. in the case of Th(C8H8)2
(14s13p10d8f6g)/[6s6p5d4f3g] instead of (12s11p10d8f)/[8s7p6d4f] was applied for
Th and in the case of U(C8H8)2 basis sets of VTZ instead of VDZ quality were used.
Compared to the experimental data [91] the LPP/LPP+CPP HF distances are obviously
too long, i.e. 0.076/0.063 and 0.123/0.109 Å for thorocene and uranocene, respec-
tively. However, after inclusion of electron correlation effects at the MP2/CCSD(T)
level about 0.1 Å smaller values are obtained, and thus the deviations from experi-
mental values decrease to−0.038/−0.012 and+0.016/+0.042 Å for thorocene and
uranocene, respectively. The use of CPPs at the MP2 level almost does not affect the
actinide–ring distances, i.e. their decrease amounts at most to 0.003 Å. Hence, the
best Th–ring distance is obtained at the CCSD(T) level and itis in excellent agreement
with experiment (1.992 versus 2.004 Å). For uranocene the best agreement is achieved
using the MP2 method (1.940 versus 1.924 Å). This is most likely based on an error
cancellation, because the experimental U–ring distance isoverestimated by all meth-
ods and MP2 yields a ca. 0.04 Å too small distance for the simpler case of thorocene.
The reason why the deviation for the CCSD(T) value of uranocene is nearly four times
higher than that of thorocene (−0.012 versus+0.042 Å) might be that the ground state
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for uranocene is not purely 5f2π4, but consists of a configurational mixture of 5f2π4

(93.7%), 5f3π3 (3.6%), and 5f4π2 (2.7%) [98]. In contrast to this the 5f0π4 ground
state of thorocene is found to be well separated from the excited states [96]. There-
fore the tetravalent 5f-in-core PPs, which assume a 5f occupation of zero/two electrons
for Th/U, yield more accurate results for thorocene than foruranocene. However, the
deviations for uranocene are still acceptable, since the 5f2π4 configuration is clearly
dominant.
The LPP DFT calculations using the B3LYP functional yield actinide–ring distances
which are by 0.040 and 0.101 Å too long compared to the experimental values for
thorocene and uranocene, respectively. Since a DFT study onprotactinocene [107]
shows that the BLYP functional generates slightly too long Pa–ring distances and that
the PW91 functional seems to be the best choice for Pa(C8H8)2, calculations using the
PW91 functional were performed, too. Going from B3LYP to PW91 the actinide–ring
distances decrease by about 0.08 Å resulting in quite small deviations of−0.038 and
+0.026 Å for thorocene and uranocene, respectively. Thus, the good performance of
PW91 in the case of the actinocenes is confirmed and the applicability of the 5f-in-core
LPPs in DFT calculations is demonstrated.

Table 3.13:Actinide–ring distancesRe (in Å) and ionic metal–ring binding energies
∆E (in eV) for An(C8H8)2 (An=Th, U) from LPP MP2 calculations with
and without using CPPs as well as LPP CCSD(T), LPP DFT/B3LYP,and
LPP DFT/PW91 calculations in comparison to experimental data [91].

Re ∆E

Method Th U Th U
LPP MP2 1.966 1.940 83.45 84.32
LPP+CPP MP2 1.963 1.938 83.47 84.35
LPP CCSD(T) 1.992 1.966 83.56 84.48
LPP DFT/B3LYP 2.044 2.025 80.85 81.65
LPP DFT/PW91 1.966 1.950 83.99 84.66
Exp. 2.004 1.924

3.1.7.3 Ionic Metal–ring Binding Energy

The ionic metal–ring binding energies increase almost linearly with the nuclear charge
of the central actinide atom (correlation coefficients: 0.998, 0.997, and 0.993 for LPP,
LPP+CPP, and SPP) by 2.19, 2.42, and 3.23 eV for LPP HF, LPP+CPP HF, and SPP
state-averaged MCSCF calculations, respectively. This isdue to the fact that the ac-
tinide contraction leads to a decreasing actinide–ring distance, which goes along with
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an increasing dispersion interaction between the rings.
The agreement between LPP HF and SPP state-averaged MCSCF data is quite good,
i.e. the LPP ionic metal–ring binding energies are on average by 0.92 eV (1.1%) too
small. Analogous to the actinide–ring distances the application of CPPs improves the
results (m.a.e. (m.r.e.): 0.48 eV (0.6%)), since the ionic metal–ring binding energies
are increased by about 0.52 eV related to the pure LPP calculations.
The inclusion of electron correlation effects via MP2, CCSD(T), and DFT/PW91
yields an increase of the binding energies by ca. 4 eV (5%), while the energy increase
due to the DFT/B3LYP method amounts only to ca. 1 eV (1%). Thus, the DFT/B3LYP
energies lie by about 3 eV below the values of the other correlation methods, which
is in line with the overestimated actinide–ring distance using DFT/B3LYP. As it is the
case for the actinide–ring distance, the use of CPPs at the MP2 level has almost no
effect on the binding energy, i.e. the values are augmented by at most 0.03 eV.

Table 3.14:Mulliken 6s/7s, 6p/7p, 6d, and 5f orbital populations and atomic charges
(Q) on An in An(C8H8)2 (An=Th–Pu) from LPP HF and SPP state-
averaged MCSCF calculations. A 6s26p66d27s2 ground state valence sub-
configuration is considered for An.

s p d f Q
An LPP SPP LPP SPP LPP SPP LPPa SPP LPP SPP
Th 2.24 2.48 6.40 6.35 1.87 1.70 0.37 0.72 1.12 0.75
Pa 2.26 2.49 6.40 6.32 1.94 1.71 0.29 1.68 1.11 0.80
U 2.28 2.50 6.42 6.34 1.97 1.68 0.25 2.66 1.08 0.82
Np 2.29 2.51 6.44 6.37 1.99 1.70 0.22 3.63 1.06 0.79
Pu 2.30 2.52 6.43 6.39 1.99 1.70 0.20 4.60 1.07 0.80

a0–4 electrons in the 5f shell are attributed to the LPP core for Th–Pu, respectively.

Mulliken Orbital Populations From the Mulliken population analyses it can be
seen that besides the ionic bonding between the tetravalentmetal ion An4+ and the
two C8H

2−
8 rings, ligand-to-metal donation and therefore covalent bonding is very

important, e.g., the charge of the actinide calculated using LPP/SPP is only about
+1.09/+0.79 rather than the formal+4. This charge-transfer occurs to all valence or-
bitals of the An4+ ion, whereby 6d and 5f are preferred to 7s and 7p, e.g., in the case
of the SPP state-averaged MCSCF calculation for uranocene the donation amounts to
1.68, 0.66, 0.50, and 0.34 electrons for 6d, 5f, 7s, and 7p, respectively. Since the dona-
tion to 6d is almost three times larger than that to 5f, earlier findings [95,96] that for the
actinide–ring bonding the 6d orbitals play the primary roleare confirmed. However,
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one should be careful to avoid too detailed interpretationsfrom Mulliken population
analyses due to their basis set dependence.
The valence s and p shells get slightly more occupied with increasing nuclear charge,
e.g., the 7s/7p occupation increases from 0.24/0.40 for Th(C8H8)2 to 0.30/0.43 electrons
for Pu(C8H8)2 in the case of the LPP calculations. The valence 6d occupation, how-
ever, stays relatively constant, i.e. an average of 1.95 and1.70 electrons occupation
for 6d of all An(C8H8)2 are observed for LPP and SPP calculations, respectively.
For the valence 5f orbitals the occupation decreases by 0.17and 0.12 electrons from
Th(C8H8)2 to Pu(C8H8)2 for LPP and SPP calculations, respectively. The increasing
valence s, p and the constant valence d respectively decreasing valence f occupations
can be attributed to increasing relativistic effects alongthe actinide series. The direct
relativistic effects are dominating for s and p shells resulting in a contraction and sta-
bilization of 7s/7p, whereas for d and f shells the indirect relativistic effects are larger
and lead to an expansion and destabilization of 6d/5f.
The SPP 5f occupations differ on average by 0.66 and at most by0.72 electrons from
the integral LPP 5fn−1 occupations, which demonstrates that the 5f orbitals participate
to some extent in the chemical actinide–ring bonding. However, the 5f-in-core ap-
proach still yields quite reasonable results, which is mostlikely due to the f-part of the
PPs, which allows for some 5f occupation in addition to the integral 5fn−1 occupation
modeled by the LPP, i.e. the LPP 5f occupations amount on average to 0.27 electrons.
Thus, the mean deviation between SPP and LPP 5f occupations is only 0.39 electrons.

3.1.8 Application to Actinyl Ions

The hexavalent uranyl ion UO2+2 is a linear molecule with very short and strong U–
O bonds. The chemical stability of these bonds are well-known and account for the
omnipresence of UO2+2 in uranium chemistry [108]. The UO2+2 ion has a closed-shell
singlet ground state with 12 valence electrons coming from the O 2p and U 5f, 6d, and
7s atomic orbitals [108]. Analogous to the oxygen dimer the O2p orbitals formσg, σu,
πg, andπu molecular orbitals (MOs). The uranium ion possesses two primary valence
shells, 5f and 6d, which can form bonds to these MOs due to their symmetry, i.e. 5fσu,
5f πu, 6dσg, and 6dπg (in D∞h). The resulting four highest occupied MOs in UO2+

2 ,
3σg, 3σu, 1πg, and 2πu, can be viewed as bonding and thus suggest a notional U–O
bond order of three [109]. Since the bonding is strongly dependent on the 5f orbitals,
the UO2+

2 ion is an interesting but critical candidate to test the hexavalent LPP.
The other penta- AnO+2 and hexavalent AnO2+2 actinyl ions are investigated as well,
because they are beside UO2+

2 vital for underpinning the development of nuclear fuel
technologies. However, the calculations showed only reasonable results for UO2+2 ,
wherefore the results will be discussed separately for UO2+

2 and the other actinyl ions,
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respectively [30].

3.1.8.1 Computational Details

For UO2+
2 HF and CCSD(T) calculations were carried out with MOLPRO [52] im-

plying D∞h symmetry using both the LPP and SPP. In order to be sure that the LPP
yields the correct linear structure, LPP HF geometry optimizations [99] usingC1 sym-
metry and different starting points were performed. All these optimizations resulted in
a linear structure, which was identified as a true energy minimum by a numerical vi-
brational frequency analysis. For O Dunning’s aug-cc-pVQZbasis set [62,63] was ap-
plied and for An (7s6p5d2f1g)/[6s5p4d2f1g] and (14s13p10d8f6g)/[6s6p5d4f3g] [21]
valence basis sets were used for LPP and SPP, respectively. In the CCSD(T) calcula-
tions the O 1s orbitals were frozen. The ionic binding energyof UO2+

2 was defined by
∆E = E(U6+)+2×E(O2−)−E(UO2+

2 ). Furthermore, a LPP and SPP DFT/B3LYP
[100–105] calculation were performed with TURBOMOLE [99] imposingD6h sym-
metry. Since in TURBOMOLE exchange–correlation energies are numerically inte-
grated on element specific grids, and since no grid for uranium is implemented, the
LPP and SPP calculations were carried out employing the cerium and tungsten m5 grid,
respectively, by calculating the corresponding CeO2+

2 and WO2+
2 molecules and by set-

ting the Ce and W nuclear charge and mass to 92 and 238.03 u, respectively. In the case
of the SPP DFT calculations segmented contracted (14s13p10d8f6g)/[10s9p5d4f3g]
[110] valence basis sets were used.
For AnO+

2 (An=U–Am) and AnO2+
2 (An=Np–Am) HF calculations were performed in

MOLPRO [52] implyingC2v symmetry using penta- and hexavalent 5f-in-core PPs,
respectively. For O Dunning’s aug-cc-pVQZ basis set [62,63] was applied and for An
(7s6p5d2f1g)/ [6s5p4d2f1g] valence basis sets were used.

3.1.8.2 Uranyl(VI) ion

Table 3.15 shows bond lengths, ionic binding energies, and 5f orbital occupations for
UO2+

2 from LPP HF, CCSD(T), and DFT/B3LYP calculations in comparison to corre-
sponding SPP calculations and computational data from the literature [108,111–114].
As one can see the LPP and SPP bond lengths are in good agreement, i.e. the LPP
underestimates the SPP bond lengths by 0.008 (0.5%), 0.021 (1.3%), and 0.050 Å
(3.0%) at the HF, CCSD(T), and DFT/B3LYP level, respectively. In comparison to
the computational data from the literature, the LPP bond lengths differ in a range of
0.015–0.074 Å corresponding to 0.9–4.3%. However, these deviations are not neces-
sarily due to the different core definitions, but may also arise from the use of different
basis sets, relativistic approaches, or density functionals. For example, in the case of
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Table 3.15:Bond lengthsRe (in Å), ionic binding energies∆E (in eV), and f or-
bital occupations for UO2+2 from LPP HF, CCSD(T), and DFT/B3LYP
calculations in comparison to corresponding SPP calculations as well as
computational data from the literature.

Method Ref. Re ∆E f occ.
LPP HF 1.631 176.05 1.74
SPP HF 1.639 181.21 2.23
AE DHF [111] 1.650
LPP CCSD(T) 1.668 177.30 1.69
SPP CCSD(T) 1.689 183.81 2.17
SPP CCSDa [112] 1.697
quasirel. AE CCSD(T)a [113] 1.683
AE DHF+CCSD(T)a [114] 1.715
LPP DFT/B3LYP 1.642 180.44 2.04
SPP DFT/B3LYP 1.692 185.85 2.45
SPP DFT/B3LYP [113] 1.698
quasirel. DFT/BPVWNb [108] 1.716

aU 5s, 5p, and 5d as well as O 1s orbitals were frozen.
bFor U 1s–5d and O 1s orbitals the frozen-core approximation was applied.

the largest deviation, which occurs between the LPP DFT/B3LYP and the quasirela-
tivistic DFT/BPVWN [108] calculation, a 1s–5d instead of a 1s–5f core, pVTZ instead
of aug-cc-pVQZ basis sets, and the BPVWN instead of the B3LYPdensity functional
were used for the quasirelativistic DFT calculation.
For the ionic binding energies the LPP underestimate the SPPdata by 5.16 (2.8%),
6.51 (3.5%), and 5.41 eV (2.9%) for HF, CCSD(T), and DFT/B3LYP calculations,
respectively. These small deviations as well as those for the bond lengths can be un-
derstood by the comparison of the LPP and SPP 5f orbital occupations, which show
deviations below 0.50 electrons for all calculations (0.49, 0.48, and 0.41 electrons for
HF, CCSD(T), and DFT/B3LYP). Thus, analogous to the test calculation on UF6 in
the case of the uranyl(VI) ion the hexavalent LPP for uranium(5f0) yields reasonable
results.

3.1.8.3 Actinyl(V) and Actinyl(VI) Ions

Table 3.16 lists bond lengths and angles for AnO+
2 (An=U–Am) and AnO2+

2 (An=Np–
Am) from LPP HF calculations in comparison to scalar-relativistic AE DFT/PBE [115]
and SPP state-averaged MCSCF [116] calculations from the literature, respectively. In
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Table 3.16:Bond lengthsRe (in Å) and angles∠ O–An–O (in deg) for AnO+2 (An=U–
Am) and AnO2+

2 (An=Np–Am) from LPP HF calculations in comparison
to scalar-relativistic AE DFT/PBE [115] and SPP state-averaged MCSCF
calculations [116] from the literature, respectively.

AnO+
2 AnO2+

2

LPP AEa LPP SPPa

An Re ∠ Re Re ∠ Re

U 1.776 109.3 1.770
Np 1.784 106.0 1.750 1.710 108.0 1.628
Pu 1.781 104.7 1.734 1.727 103.7 1.609
Am 1.776 104.0 1.731 102.2 1.594

aD∞h symmetries, i.e. bond angles correspond to 180◦.

contrast to the AE and SPP reference data the LPP HF calculations did not yield linear
structures, but bent structures with O–An–O bond angles between 102.2 and 109.3◦.
Furthermore, the LPP HF bond lengths are by about 0.029 (1.6%) and 0.112 Å (7.0%)
longer than those of the AE DFT/PBE [115] and SPP MCSCF [116] calculations for
AnO+

2 and AnO2+
2 , respectively. Thus, in the case of these systems the a priori assump-

tion of penta- and hexavalent actinides and a correspondingnear-integral 5f occupancy
fails. For the hexavalent actinyl ions this failure is in line with the results for AnF6,
where the 5f-in-core approach was too crude as well. However, the LPP test calcu-
lations for AnF5 showed good agreement with SPP reference data, wherefore the bad
description of the pentavalent actinyl ions was not expected.
In order to understand the discrepancies between the AE and 5f-in-core PP results for
AnO+

2 , a SPP state-averaged MCSCF geometry optimization [52] forUO+
2 distributing

one electron in the seven U 5f orbitals and optimizing the mean energy of the corre-
sponding seven states was performed (cf. Table 3.17; basis sets: U (14s13p10d8f6g)/
[6s6p5d4f3g] [21], O aug-cc-pVQZ [62, 63]; symmetry:C2v). Analogous to the LPP
HF result the SPP MCSCF structure is bent with an O–U–O bond angle of 152.1◦.
If the UO+

2 structure is optimized for the individual states, four linear and three non-
linear structures are obtained (cf. Table 3.17). From a Mulliken population analysis of
the singly occupied molecular orbitals (SOMOs), which are dominantly of U 5f char-
acter, it can be seen that the seven U 5f orbitals can be divided into two subgroups.
Four of them are pure f orbitals (100% f character) and three have dominant f contri-
butions, but mix with U d and O p orbitals (f character about 75–88%). The pure f
orbitals are non-bondingfδ andfφ orbitals and when singly occupied the correspond-
ing optimizations yield linear structures. The other f orbitals correspond for a linear



3.1 5F-IN-CORE PSEUDOPOTENTIALS FORACTINIDES 71

structure tofπ andfσ orbitals, which can mix with U d and O p orbitals due to their
symmetry. If these orbitals are singly occupied the corresponding optimizations yield
bent structures, which have 2–3 eV higher energies than the linear ones withfδ or fφ

singly occupied.

Table 3.17:Bond lengthsRe (in Å), bond angles∠O–U–O (in deg), and occupations
of the SOMOs, which are dominantly of U 5f character, for UO+

2 from
SPP state-averaged MCSCF geometry optimizations for the energies of
the individual states arising from a 5f1 occupation as well as for the mean
energy of these statesE. Furthermore, the relative energies∆E with
respect to the lowest state2∆u (in eV) and the energy difference∆Elinear

(in eV) to aD∞h optimized structure is given.

Optimized for Re ∠ SOMO occ. ∆E ∆Ea
linear

E(2∆u) 1.700 180.0 1.00 0.00
E(2Φu) 1.711 180.0 1.00 0.06
E(2A1) 1.725 155.8 0.75 2.26 0.07
E(2B1) 1.736 117.8 0.88 2.03 0.30
E(2B2) 1.750 100.1 0.86 3.09 3.63
E 1.729 152.1 1.66 0.14

a∆Elinear = E(D∞h)− E(C2v)

The reason why inC2v the optimization for the average of the seven states yields abent
structure, although there are more linear than non-linear geometries, is most likely that
for the 2B2 state the energy difference between the linear and the bent equilibrium
structure is so high (3.63 eV) that the optimization of the mean energyE is dominated
by this contribution and dragged to a bent structure. Since the pentavalent 5f-in-core
PP for uranium describes the average of all 5f1 states, a bent UO+2 structure is obtained
in qualitative agreement with the 5f-in-valence SPP result. However, it is obvious from
the SOMO population (cf. Table 3.17) that the assumption of a5f occupancy of at least
one electron is not fulfilled. Thus, UO+2 cannot be treated within the 5f-in-core approx-
imation using the pentavalent PP for uranium.
However, if the hexavalent PP for uranium is applied to calculate UO+

2 by explicitly
distributing one electron in the seven f orbitals and optimizing the mean energy of the
seven states, a similar structure as in the SPP MCSCF calculation with a bond an-
gle of 160.5◦ (Re=1.667 Å) is obtained. Here, the uranium basis set has been slightly
increased by using four instead of two f exponents, which have been optimized in
state-averaged MCSCF calculations [52] for the 5f36d17s2 valence subconfiguration
of the hexavalent uranium LPP (exponents: 5.719, 2.062, 0.797, 0.266).
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If HF instead of state-averaged MCSCF calculations are performed [52] by assuming
the single electron to be, e.g., in afδ orbital, both SPP and LPP yield linear structures
with a bond length difference of 0.058 Å (Re: SPP 1.700, LPP 1.642 Å). Therefore
reasonable results are obtained for the UO+

2 molecule with the LPP presented here,
but the hexa- instead of the pentavalent PP for uranium has tobe used. It should be
noted, however, that the hexavalent PP for uranium is of large-core, but not really of
5f-in-core type (5f0 occupation).
The other actinyl ions AnO+2 are similar to UO+2 and the failure of the pentavalent LPPs
should therefore also be due to the fact that states, where afπ or fσ orbital is occupied,
yield non-linear structures. In summary the application ofthe 5f-in-core approach to
these systems cannot be recommended.

3.1.9 Application to Uranyl(VI) Complexes

Natural organic material and microbes can influence the migration behavior of ac-
tinides, particularly of uranium, in the environment. For the assessment of risks con-
nected, e.g., with long-term nuclear waste disposal, knowledge of the binding modes
of uranium under the various environmental conditions is important. Therefore it is
necessary to investigate the complex formation of uranium with selected bioligands,
particularly with siderophores of the pyoverdin type, which have a high potential to
bind actinides [117–124].
The preferred actinide binding functionalities of pyoverdins are the hydroxamic acid
group at the peptide chain and the catechol group of the chromophore [119, 125]. In
UV–vis [126] and time-resolved laser-induced fluorescencespectroscopy [127] studies
of the complexation behavior of this hydroxamic acid group,salicylhydroxamic acid
HOC6H4CONHOH (Hsha) and benzohydroxamic acid C6H5CONHOH (Hbha) were
used as simple model ligands. As a comparison to the hydroxamic acids, benzoic acid
C6H5COOH (Hba) was also investigated. It was found that the ligands sha− and bha−

form 1:1 as well as 1:2 (metal ion:ligand) complexes, while the ba− ligand always
yields the 1:1 complex [126]. The strength of the complex formation decreases from
sha− via bha− to ba− and the 1:2 complexes are more stable than the corresponding
1:1 complexes. Furthermore, the absorption and fluorescence properties of the ura-
nium(VI) species formed with sha−, bha−, and ba− were determined. If the uranyl ion
UO2+

2 is coordinated by the hydroxamates sha− or bha−, a blue shift of the absorption
maximum is observed, whereas coordination to the carboxylate ba− results in a red
shift of the absorption maximum with respect to the spectrumof the “free”, i.e. water-
coordinated, UO2+2 [126].
The structural data of actinide hydroxamate and benzoate species are scarce. Although
sha− is mainly discussed as coordinating metal ions via the two hydroxamic oxygen
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atoms ([O,O]-mode) [128–132], there is at least one other reasonable coordination
mode via the phenolic oxygen and the nitrogen atom ([N,O′]-mode) (cf. Fig. 3.9).
Extended X-ray absorption fine structure (EXAFS) spectroscopy alone is often not
sufficient to solve the structure of uranium(VI) species, particularly in the presence
of mainly light backscattering atoms (C, N, O) in the near-order surrounding of the
absorbing uranium atom. However, it has been shown [133–141] that a combination
of EXAFS spectroscopy and quantum mechanical methods is a useful tool not only to
investigate structures, but also to estimate complex stabilities in solution.
In this section DFT calculations will be presented, which help to determine precise
molecular structures from the EXAFS data for the UO2+

2 complexes with the model lig-
ands sha−, bha−, and ba− and which clarify the coordination mode in the [UO2sha]+

complex. Furthermore, calculated relative stabilities and time-dependent DFT (TD-
DFT) [142, 143] excitation spectra are compared to previousexperimental stability
constants [126, 127] and UV–vis spectra [126], respectively. Since all experiments
are performed in aqueous solution, solvation effects are carefully addressed within
the DFT calculations using both an explicit first hydration sphere for the UO2+2 frag-
ment and a continuum model. After the computational detailsthe investigated UO2+2
complexes with one and two model ligands, i.e. 1:1 [144] and 1:2 [84] complexes,
will be discussed separately. In the case of the 1:1 complexes only the 5f-in-valence
SPP [15] for uranium was applied, while for the 1:2 complexesboth SPP and hexava-
lent LPP [30] were used.

3.1.9.1 Computational Details

The uranium(VI) complexes [UO2L]+ and [UO2L2]6 (L=sha, bha, ba) were completely
geometry optimized (symmetry:C1) at the DFT/B3LYP level [100–105] using the
TURBOMOLE program system [99]. For [UO2sha]+ both the [O,O]- and [N,O′]-
mode were considered, while for [UO2sha2] only the [O,O]-mode was calculated, be-
cause this mode is found to be clearly favored for the 1:1 complex. For [UO2L2]
(L=sha, bha) there are two possible structures, i.e. the nitrogen atoms of the ligands
can be located on the same or on opposite sides. Since the deviations for SPP bond
lengths, bond angles, and total energies are at most 0.015 Å,4.6◦, and 0.0002 a.u. (cf.
Table C.8), respectively, only the complexes with the nitrogen atoms on opposite sides
will be discussed.
In order to ensure that the obtained structures are true energy minima on the potential
energy surface (PES), numerical vibrational frequency analyses were performed. For
uranium the 5f-in-valence SPP [15] was used in combination with the (14s13p10d8f)/
[10s9p5d4f] segmented contracted valence basis set [110].The accuracy of this scalar-

6The 1:2 complexes were calculated by D. Weißmann.



74 CHAPTER 3 RESULTS AND DISCUSSION

relativistic valence-only model for structures and binding energies, if used in combi-
nation with hybrid density functionals, was demonstrated,e.g. by Batista et al. [145].
In the case of the 1:2 complexes also the hexavalent LPP [30] was used in combination
with the (7s6p5d2f1g)/[6s5p4d2f1g] basis set. All other atoms were treated at the AE
level using TZP basis sets from the TURBOMOLE library [99]. Except for the UO2+2
oxygen atoms, all oxygen and nitrogen basis sets were augmented by one diffuse s-, p-,
and d-function taken from the aug-cc-pVDZ basis sets [63] (exponents: O: s 0.0790,
p 0.0686, d 0.3320; N: s 0.0612, p 0.0561, d 0.2300).
Since in TURBOMOLE [99] exchange–correlation energies arenumerically integrated
on element specific grids, and since no grid for uranium is implemented, all SPP and
LPP calculations were carried out employing the tungsten m5grid by calculating the
corresponding WO2+2 molecules and by setting the W nuclear charge and mass to 92
and 238.03 u, respectively. Total energies were converged to 10−9 a.u. Beside the gas
phase optimizations, calculations including solvation effects7 were performed as well
(cf. below).
The electronic excitations were treated within the adiabatic approximation of TD-
DFT [142,143] considering the 100 energetically lowest singlet excitations. For every
calculated spectral line, one Gaussian functiona0 exp[−b (λ − λ0)

2] was used to rep-
resent the contribution to the spectrum. Herea0 is the oscillator strength,λ0 is the
wavelength, andb=0.005 is a broadening parameter. The continuous spectrum in a
given interval was obtained pointwise, as the sum over the 100 Gaussian functions, for
each wavelengthλ.
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Figure 3.8: Different levels of addressing solvation effects. Note that there is no well-
defined hierarchy among the levels 1 and 2.

7For the 1:1 complexes the calculations including solvationeffects were performed by J. Wiebke.
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Modeling Solvation Within a stationary quantum chemistry framework, one can ad-
dress solvation effects on molecular and electronic structures by applying continuum
models [146] or by modeling parts of or complete discrete solvation shells around the
solute system of interest (levels 1 and 2, respectively, cf.Fig. 3.8). Moreover, one can
combine both in a hybrid-type level 3 approach, modeling solute–solvent clusters for
gas phase conditions and correcting for long-range interactions by single-point energy
calculations applying a continuum model. A level 4 approachwould additionally in-
volve molecular structure relaxation within the continuummodel potential.
Solvation effects on the [UO2L]+, [UO2L2], and UO2+

2 systems have been modeled
employing a hybrid-type level 3 approach. It has been shown in recent investigations
of UO2+

2 hydration [147–150] that this is a reliable strategy with inherent, but known
shortcomings, which can be identified within a well-defined hierarchy of increasingly
better approximations to aqueous solution conditions (cf.Fig. 3.8). Moreover, within
a full level 4 approach, one encounters poor molecular structure convergence [149] or
convergence to PES saddle points only [147], which has been recently discussed to be
an artifact due to the discretization of the solute cavity employed by the continuum
models [151].
As continuum model the Conductor-like Screening Model (COSMO) [152] was used
as implemented [153] in the TURBOMOLE program package [99].The continuum
permittivity was set to infinite. Solute cavities were constructed using the default pa-
rameter set and the COSMO-RS atomic radii [154] of 1.30, 2.00, 1.83, and 1.72 Å
for H, C, N, and O, respectively, and 2.00 Å for U [148]. [UO2sha(OH2)3]+ COSMO
screening energies for U atomic radii varying in a range of 1.00–3.00 Å do not deviate
from the 2.00 Å radius screening energy by more than 3 kJ mol−1.
Because of computational feasibility, and because the UO2+

2 fragment was expected to
be the most strongly affected by solvation effects, a complete solvation shell was only
modeled for the UO2+2 fragment, i.e. no discrete ligand solvation was considered. For
the 1:1 complexes a realistic numberx′ of OH2 ligands in the UO2+2 equatorial plane
was obtained from considering the rearrangements

[UO2sha(OH2)x−1 ·OH2]
+ → [UO2sha(OH2)x]

+ (3.5)

with [UO2sha(OH2)x−1·OH2]+ havingx−1 OH2 ligands in the first and one OH2 lig-
and in the second UO2+2 solvation shell. Then,x′ is the largestx for which the rear-
rangement (3.5) gives negative reaction energies. Within the level 3 approach, optimal
molecular structures without, and total energies within the COSMO potential were
calculated for the [UO2sha(OH2)x−1·OH2]+ (x=3, 4) and [UO2sha(OH2)x]+ (x=0, 1,
2, 3) systems. For [UO2sha(OH2)4]+ no PES minimum structure was found, since
during attempted structure optimizations the forth OH2 ligand moved out of the first
UO2+

2 solvation shell to give [UO2sha(OH2)3·OH2]+ in all cases.
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For x=3 [UO2sha(OH2)3]+ is favored over [UO2sha(OH2)2·OH2]+ by 47 kJ mol−1.
Rigorously, from this one can only conclude thatx′=3 is the minimum number of
OH2 ligands coordinated to the UO2+2 fragment of [UO2sha]+. However,x′=3 fits best
to experimental EXAFS coordination numbers, which are found to be five as well.
Moreover, forx=0, 1, 2, and 3 the [UO2sha(OH2)x]+ mean equatorial U–Oeq dis-
tances of 2.224, 2.330, 2.392, and 2.460 Å, respectively, approach the experimental
EXAFS value of 2.41 Å asx increases. Although thex=3 value is ca. 0.05 Å too large,
this is known [147,155–157] as a systematic level 3 overestimation of metal ion–OH2
distances due to the neglect of molecular structure relaxation within the COSMO po-
tential, which is the more severe the largerx is. Moreover, this might also be due to
the DFT/B3LYP method, which has been shown to overestimate especially equatorial
bond distances in PuO2+2 complexes [158]. Therefore [UO2sha(OH2)3]+ is believed to
be the most consistent structure model for the uranyl(VI)–sha system. Because of the
great similarity of bha− and ba− with sha−, and because of the experimental EXAFS
data,x′=3 is assumed for the bha and ba systems, too. For [UO2ba(OH2)3]+, how-
ever, no PES minimum, but only a first order PES saddle point was found in all cases;
following that structure’sω=i 20.8 cm−1 eigenmode did not lead to any PES mini-
mum corresponding to a [UO2ba(OH2)3]+ complex. Similar difficulties were stated
for PuO2+

2 complexes [158] and attributed to the DFT/B3LYP method.
For the 1:2 complexes an analogous procedure was carried outfor the [UO2sha2] sys-
tem, i.e. optimal molecular structures without, and total energies within the COSMO
potential were calculated for the [UO2sha2(OH2)x−1·OH2] (x=2) and [UO2sha2(OH2)x]
(x=1, 2) systems. Forx=2 [UO2sha2(OH2)·OH2] is preferred to [UO2sha2(OH2)2] by
17 kJ mol−1. Thus, in the case of the 1:2 complexes the coordination number is found
to be five analogous to the experimental EXAFS results. Therefore these complexes
were calculated with one additional OH2 ligand in the UO2+

2 equatorial plane.

3.1.9.2 1:1 Complexes

In the following molecular structures, relative stabilities, and excitation spectra of the
1:1 complexes [UO2L]+ (L=sha, bha, ba) from SPP DFT/B3LYP calculations will
be compared to experimental data [126, 127, 144]. In the caseof the sha system the
preferred coordination mode, whether [O,O] or [N,O′], will be determined.

Molecular Structures Figure 3.9 shows the calculated gas phase molecular struc-
tures of [UO2L]+ (L=sha, bha, ba). For [UO2sha]+ both the [O,O]- and [N,O′]-mode
are given. As one can see the [N,O′]-mode [UO2sha]+ has a very long U–N bond
length and is clearly more distorted than the [O,O]-mode [UO2sha]+, which already
suggests that the [N,O′]-mode is less stable. In contrast to [UO2bha]+ the ligand of the
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Figure 3.9: [UO2L]+ (L=sha, bha, ba) gas phase molecular structures.1, 2, 3, and
4 correspond to the [O,O]- and [N,O′]-mode [UO2sha]+, to [UO2bha]+,
and to [UO2ba]+, respectively. U, C, N, O, and H atoms are displayed in
turquoise, green, blue, red, and white, respectively.

[O,O]-mode [UO2sha]+ is in-plane. This is most likely due to the phenolic OH group,
which can interact with the NH group of the hydroxamic acid functionality and which
is not present in the bha system. The ligand of [UO2ba]+ is again in-plane so that this
complex hasCS symmetry.

In Table 3.18 calculated gas phase bond lengths and angles for [UO2L]+ (L=sha,
bha, ba) and UO2+2 are listed. Generally, the U–Oax distances are found to increase,
if bare UO2+

2 is complexed. For UO2+2 , where the EXAFS sample is pure (100%
UO2+

2 ), DFT underestimates the experimental U–Oax distance by ca. 0.07 Å. For the
complexes [UO2L]+, however, the DFT U–Oax bond lengths are at most ca. 0.03 Å
shorter than those given by EXAFS. These smaller deviationsare most likely due to
an error cancellation, since the experimental U–Oax bond lengths, which are averaged
over all UO2+

2 species, appear to short due to the large “free” UO2+
2 fraction in the

EXAFS samples. Furthermore, a reason for these underestimations is the neglect of
solvation effects, because additional water ligands in theUO2+

2 equatorial plane in-
crease the U–Oax distances. Thus, the smaller deviations in the case of the complexes
can also be explained by the fact that here only three insteadof five equatorial water
ligands are missing. In the case of the U–Oeq distances one should not compare gas
phase DFT and EXAFS data, since the gas phase calculations consider UO2+

2 only as
bi- and not as penta-coordinated. The comparison of the [N,O′]-mode [UO2sha]+ with
the other complexes confirms the observation from Fig. 3.9 that the U–N distance of
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2.395 Å is quite long. The U–Oeq bond lengths in the hydroxamate systems [O,O]-
mode [UO2sha]+ and [UO2bha]+ are nearly the same (∆maxRe=0.007 Å). The U–Oeq
distances of the [UO2ba]+ complex, however, deviate by up to 0.072 Å from those of
the hydroxamate systems. A further change due to the complexformation is that the
linear O–U–O unit of UO2+2 becomes slightly bent.

Table 3.18:Bond lengthsRe (in Å), angles∠ (in deg), and binding energiesE (in
kJ mol−1) for the complexes [UO2L]+ (L=sha, bha, ba) and the bare
uranyl ion UO2+

2 from SPP DFT/B3LYP gas phase calculations compared
to EXAFS bond lengthsRexp.(U–Oax) [144] and experimental stability
constantslg β [126]. For [UO2sha]+ the results for both the [O,O]- and
[N,O′]-mode are given.

[UO2sha]+

[O,O] [N,O′] [UO2bha]+ [UO2ba]+ UO2+
2

Re(U–Oax) 1.757 1.760 1.755 1.749 1.698
1.759 1.760 1.757 1.749 1.698

Rexp.(U–Oax)a 1.77 1.77 1.78 1.77
Re(U–OCarb.)b 2.272 2.279 2.247
Re(U–ON) 2.175 2.178 2.247c

Re(U–OPh) 2.114
Re(U–N) 2.395
∠Oax–U–Oax 167.1 170.7 167.4 168.3 180.0
∠OCarb.–U–ONb 67.5 67.3 58.0c

∠N–U–OPh 71.2
E 1649 1610 1616 1510
lg β 17.12 7.96 3.37

aComposition of the EXAFS samples: sha−: 17% [UO2sha]+, 32% [UO2sha2], 51% UO2+
2 ; bha−:

23% [UO2bha]+, 39% [UO2bha2], 38% UO2+
2 ; ba−: 72% [UO2ba]+, 28% UO2+

2 ; UO2+
2 : 100%

UO2+
2 .

bOCarb. is the oxygen atom of the carbonyl group.
cIn the case of ba− the coordinating oxygen atom denoted as ON corresponds to the original hydroxyl
group.

Table 3.19 shows the calculated structure parameters for the complexes [UO2L(OH2)3]+

(L=sha, bha) as well as for the solvated uranyl ion [UO2(OH2)5]2+. Analogous to
the gas phase results, the U–Oax distances in [UO2(OH2)5]2+ increase, if two water
molecules are substituted by a bidentate hydroxamate ligand. But due to the consider-
ation of the solvent effect, here the EXAFS values are only slightly under- and over-
estimated for [UO2(OH2)5]2+ and [UO2L(OH2)3]+ by ca.−0.02 and at most+0.01 Å,



3.1 5F-IN-CORE PSEUDOPOTENTIALS FORACTINIDES 79

respectively. The comparison of the mean calculated bond lengthsR̄(U–Oeq) for the
[O,O]- and [N,O′]-mode [UO2sha(OH2)3]+ with the EXAFS data indicates that sha− is
coordinated via the [O,O]-mode, since for this modeR̄(U–Oeq) exceeds the experimen-
tal value only by ca. 0.05 Å as opposed to ca. 0.09 Å for the [N,O′]-mode. Furthermore,
R̄(U–Oeq) of the [N,O′]-mode [UO2sha(OH2)3]+ is larger than that of [UO2(OH2)5]2+,
which is due to the very long U–N distance of 2.698 Å. For the [O,O]-mode sha and
the bha complex, however,̄R(U–Oeq) decrease by 0.036 and 0.035 Å compared to
[UO2(OH2)5]2+, respectively, which is qualitatively in line with the EXAFS results.
The fact that EXAFS U–Oeq bond lengths decrease only by 0.01 Å upon coordination
is attributed to the large fraction of “free” UO2+2 present in the EXAFS samples.R̄(U–
Oeq) of the [O,O]-mode sha and the bha system differ only by 0.001Å, which may
explain why the EXAFS data show no difference. The overestimation of the experi-
mental U–Oeq distances by 0.05, 0.05, and 0.08 Å for [O,O]-mode [UO2sha(OH2)3]+,
[UO2bha(OH2)3]+, and [UO2(OH2)5]2+, respectively, is connected with the shortcom-
ings of the applied level 3 solvation model, i.e. the exclusive hydration of the UO2+2
fragment and the neglect of bulk solvation effects. Furthermore, this can be due to
the DFT/B3LYP method, which has been shown to overestimate especially equatorial
bond distances in PuO2+2 complexes [158]. Here, the deviations for [UO2L(OH2)3]+

are again smaller than that for [UO2(OH2)5]2+ due to the large fraction of “free” UO2+2
present in the EXAFS samples.
The Oax–U–Oax bond angles of the [UO2L]+ complexes are increased by about 2.6◦,
if solvation effects are included. Therefore the deviationfrom the experimentally ob-
served linear O–U–O unit is slightly decreased compared to the gas phase structures
of the uranyl complexes.

Relative Stabilities The zero-point corrected uranyl–ligand binding energies (cf. Ta-
ble 3.18) were obtained byE = E(UO2+

2 ) + E(L−) − E([UO2L]+) and the zero-
point energies were scaled by 0.972 [159]. Only gas phase binding energies are
given, because explicit hydration was exclusively considered for the UO2+

2 fragment
and not for ligands, resulting in energies that are too small, if calculated viaE =

E([UO2(OH2)5]
2+) + E(L−)− E([UO2L(OH2)3]

+ − 2×E(OH2).
The comparison between the binding energies of the [O,O]- and the [N,O′]-mode
[UO2sha]+ shows that the latter complex is less stable by 39 kJ mol−1. This confirms
the conclusion based on the structure data that the sha− ligand binds via the two hy-
droxamic acid oxygen atoms. Analogous to the experimental stability constants [126],
the calculated binding energies demonstrate that the complex stabilities decrease from
[O,O]-mode [UO2sha]+ via [UO2bha]+ to [UO2ba]+.
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Table 3.19:Bond lengthsRe (in Å) and angles∠ (in deg) for the complexes
[UO2L(OH2)3]+ (L=sha, bha) and the solvated uranyl ion [UO2(OH2)5]2+

from SPP DFT/B3LYP calculations including solvation effects compared
to experimental EXAFS data [144]. For [UO2sha(OH2)3]+ the results for
both the [O,O]- and the [N,O′]-mode are given.

[UO2sha(OH2)3]+

[O,O] [N,O′] [UO2bha(OH2)3]+ [UO2(OH2)5]2+

Re(U–Oax) 1.774 1.771 1.773 1.749
1.776 1.775 1.775 1.749

R̄e(U–Oax) 1.775 1.773 1.774 1.749
Rexp.(U–Oax)a 1.77 1.77 1.77
Re(U–OCarb.)b 2.363 2.372
Re(U–ON) 2.284 2.292
Re(U–OPh) 2.165
Re(U–N) 2.698
Re(U–OH2) 2.537 2.516 2.538 2.495

2.557 2.547 2.550 2.495
2.560 2.574 2.552 2.496

2.497
2.497

R̄e(U–Oeq) 2.460 2.500 2.461 2.496
Rexp.(U–Oeq)a 2.41 2.41 2.42
∠Oax–U–Oax 169.1 174.4 169.4 179.8
∠OCarb.–U–ONb 65.8 65.9
∠N–U–OPh 64.7

aComposition of the EXAFS samples: sha−: 17% [UO2sha]+, 32% [UO2sha2], 51% UO2+
2 ; bha−:

23% [UO2bha]+, 39% [UO2bha2], 38% UO2+
2 ; ba−: 72% [UO2ba]+, 28% UO2+

2 ; UO2+
2 : 100%

UO2+
2 .

bOCarb. is the oxygen atom of the carbonyl group.
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Electronic Spectra The electronic spectrum of bare UO2+
2 has previously been dis-

cussed [160]. All transitions in the near-infrared and visible region are dipole-forbid-
den, but may become allowed via interaction with equatorialligands. Calculated bare
UO2+

2 and [UO2Cl4]2− excitation energies were found to agree with experimental spec-
troscopic data for solid-state Cs2[UO2Cl4] within ca. 30 and 11 nm at MRCI (multi-
reference configuration interaction) [161] and CASPT2 [162] levels of theory, respec-
tively. In contrast, however, it has recently been pointed out [163] that one cannot take
for granted that excitation energies for the bare UO2+

2 calculated at the TD-DFT level
are always reliable.
Because of theC1 symmetry of the systems studied here only trivial (a1) irreducible
representations can be assigned to their electronic states. Therefore the systems (canon-
ical Kohn–Sham) occupied and virtual MOs, which contributeto the electronic exci-
tations, calculated from the TD-DFT response functions will be considered. The MOs
have been assigned to the UO2+

2 , L−, and OH2 subsystems of [UO2L(OH2)3]+ (L=sha,
bha) by their MO coefficients and by the Mulliken population analysis.
In Fig. 3.10 the [O,O]-mode [UO2sha(OH2)3]+ excitation spectrum calculated within
the COSMO potential is shown as a representative for both thesha and the correspond-
ing bha system. Both systems’ excitation spectra show threedistinct groups of exci-
tations, which differ in wavelengthsλ and relative intensities: large-intensity UO2+

2

← OH2 charge-transfer (CT) excitations withλ ≤200 nm, L− π∗ ← π excitations of
intermediate intensities in the 200–300 nm region, and UO2+

2 ← L− CT excitations of
low intensities in the 300–700 nm region.
As shown in Fig. 3.11 the experimental uranyl–sha and –bha systems’ UV–vis spec-

tra show one broad absorption band in the 350–450 nm region each, with absorption
maxima at 402 and 401 nm, respectively [126]. The calculatedabsorption maxima
of the [O,O]-mode [UO2sha(OH2)3]+ and [UO2bha(OH2)3]+ systems are at 367 and
373 nm, i.e. blue-shifted by 35 and 28 nm or 0.29 and 0.23 eV, respectively, from
the experimental absorption maxima. In the [O,O]-mode [UO2sha(OH2)3]+ excitation
spectrum there is a second low-intensity excitation at 454 nm, i.e. 52 nm or 0.35 eV
from the experimental absorption maximum. All these maximainvolve CT excitations
from L− π MOs to U 5f atomic-orbital-like MOs. The [O,O]-mode [UO2sha(OH2)3]+

367 nm and the [UO2bha(OH2)3]+ 373 nm excitations are assigned to the correspond-
ing experimental absorption maxima, because, consideringthe calculatedλ range of
ca. 200–700 nm, these match the latter within the expected systematic TD-DFT error,
and because experimental UV–vis spectra are dominated by large-intensity intramolec-
ular ligand excitations forλ < 350 nm [126] as calculated. Moreover, when comparing
to experimental data one has to consider that the UO2+

2 –L− complex formation is far
from being quantitative, i.e. that experimental UV–vis spectra might be dominated by
the “free”, though solvated, UO2+2 ion’s absorption bands centered at 414 nm [126].
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Figure 3.10: Calculated TD-DFT excitation spectra for the [O,O]-mode
[UO2sha(OH2)x]+ systems withx=0, 1, 2, 3 and forx=3 within
the COSMO potential.
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Compared to the [O,O]-mode the calculated [N,O′]-mode [UO2sha(OH2)3]+ excitation
spectrum shows no suitable excitations in the 350–450 nm interval. There are L− π∗

← π and UO2+
2 ← L− CT excitations at 322 and 526 nm, being blue- and red-shifted

by 80 and 124 nm or 0.73 and 0.77 eV, respectively, from the experimental sha–uranyl
system’s absorption maximum. Therefore the [N,O′]-mode may also be ruled out by
comparison of its calculated with the experimental absorption spectrum.
From the calculated excitation spectra of the [O,O]-mode [UO2sha(OH2)x]+ systems,

as shown in Fig. 3.10, one can see that accounting for solvation effects is important to
bring calculated excitation spectra in line with experimental data. Neglecting solvation
effects by settingx=0 apparently gives a correct number and ordering of excitations,
which are, however, significantly red-shifted with respectto bothx >0 and experimen-
tal data. Inclusion of discrete OH2 ligands in the UO2+2 equatorial plane improves the
calculated excitation spectra asx increases. Ifx=3, inclusion of the COSMO potential
blue-shifts the UO2+2 ← L− CT excitation from 391 to 367 nm, which is a large part of
the 35 nm or 0.29 eV mismatch of the calculated excitation from the experimental ab-
sorption maximum. The fact that improving the solvation model with COSMO, i.e. by
going from a level 2 to a level 3 solvation model in Fig. 3.8, causes a more pronounced
mismatch of calculated and experimental absorption spectra is believed to point to the
solvation model’s shortcomings, i.e. the neglect of discrete L− subsystem solvation
and the level 3 approximation of bulk solvation effects by a simple dielectric model.
In order to address the question of exchange–correlation density functional depen-
dency, the [O,O]-mode [UO2sha(OH2)3]+ excitation spectrum was recalculated using
the gradient-corrected PW91 [104–106] and BP86 [102–105,164] and the hybrid-type
PBE0 functionals [104–106, 165, 166]. Gradient-correctedfunctionals were found to
give excitation wavelengths up to 100 nm too large with respect to hybrid-type func-
tionals, whereas the latter give a somewhat qualitatively consistent picture. However,
using PBE0 the [UO2sha(OH2)3]+ and [UO2bha(OH2)3]+ absorption maxima were
calculated at 396 and 342 nm, whereas the experimental absorption maxima are at 402
and 401 nm, respectively. Thus, there appears to be no systematic functional depen-
dency in quantitative terms.

3.1.9.3 1:2 Complexes

In the following molecular structures, relative stabilities, and excitation spectra of the
1:2 complexes [UO2L2] (L=sha, bha, ba) from SPP and LPP DFT/B3LYP calculations
[84] will be compared to experimental data [84,126,127] except for [UO2ba2], because
this complex is not observed experimentally.
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Figure 3.11: Calculated TD-DFT spectra for the [O,O]- and [N,O′]-mode
[UO2sha(OH2)3]+ and [UO2bha(OH2)3]+ systems in comparison
to experimental UV–vis spectra [126] from aqueous solution. Calculated
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Table 3.20:Bond lengthsRe (in Å), angles∠ (in deg), and binding energiesE (in
kJ mol−1) for the complexes [UO2L2] (L=sha, bha, ba) and the bare uranyl
ion UO2+

2 from SPP and LPP DFT/B3LYP gas phase calculations com-
pared to EXAFS bond lengthsRexp.(U–Oax) [84] and experimental stabil-
ity constantslg β [126].

[UO2sha2] [UO2bha2] [UO2ba2] UO2+
2

SPP LPP SPP LPP SPP LPP SPP
Re(U–Oax) 1.782 1.734 1.781 1.732 1.770 1.720 1.698

1.782 1.734 1.781 1.732 1.770 1.720 1.698
Rexp.(U–Oax)a 1.78 1.77 1.77
Re(U–OCarb.)b 2.417 2.379 2.423 2.386 2.391 2.366

2.416 2.379 2.423 2.386 2.391 2.366
Re(U–ON) 2.322 2.310 2.324 2.312 2.391c 2.366c

2.323 2.310 2.324 2.312 2.391c 2.366c

∠Oax–U–Oax 180.0 180.0 180.0 180.0 180.0 180.0 180.0
∠OCarb.–U–ONb 66.7 67.3 66.8 67.4 54.8c 55.4c

66.7 67.3 66.8 67.4 54.8c 55.4c

E 2393 2412 2361 2379 2242 2259
lg β 30 15.25

aComposition of the EXAFS samples: sha−: 76% [UO2sha2], 12% [UO2sha]+, 12% UO2+
2 ; bha−:

90% [UO2bha2], 8% [UO2bha]+, 2% UO2+
2 ; UO2+

2 : 100% UO2+
2 .

bOCarb. is the oxygen atom of the carbonyl group.
cIn the case of ba− the coordinating oxygen atom denoted as ON corresponds to the original hydroxyl
group.
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Molecular Structures In Table 3.20 calculated gas phase bond lengths and angles
for [UO2L2] (L=sha, bha, ba) and UO2+2 are listed. Analogous to the 1:1 complexes the
U–Oax bond lengths are increased, if the bare uranyl is complexed.While the experi-
mental U–Oax bond length for UO2+2 is underestimated by 0.07 Å, the corresponding
bond lengths in the complexes are slightly overestimated byat most 0.01 Å and under-
estimated by ca. 0.05 Å for the SPP and LPP, respectively. These smaller deviations are
due to the fact that for the complexes only one equatorial ligand and for the bare uranyl
ion five equatorial ligands are missing compared to the penta-coordinated experimental
uranyl unit. Again for the U–Oeq bond lengths the comparison to the experimental val-
ues is not significant, because the complexes are only tetra-and not penta-coordinated.
The U–Oeq bond lengths of the hydroxamate systems [UO2sha2] and [UO2bha2] differ
only slightly by at most 0.007 Å. Those for the [UO2ba2] complex, however, are by
up to 0.069 Å longer compared to the U–Oeq distances of the hydroxamate systems.
In contrast to the 1:1 complexes the O–U–O unit is always found to be linear, which
is probably due to the symmetry, i.e. while the 1:1 complexeshaveC1 symmetry, the
investigated 1:2 complexes haveCi symmetry. The 1:2 complexes withC1 symmetry,
where the nitrogen atoms of the ligands are located on the same side, have also bent
O–U–O units analogous to the 1:1 complexes (cf. Table C.8).
The LPP gas phase bond lengths and angles are in good agreement with the SPP data,
i.e. the deviations amount at most to−0.050 (2.8%),−0.038 Å (1.6%), and+0.6◦

(1.1%) forRe(U–Oax), Re(U–Oeq), and bond angles, respectively. The differences
between the U–Oax bond lengths are comparable to the deviation of 0.050 Å (3.0%)
found for the DFT/B3LYP calculation of the bare uranyl ion (cf. Sect. 3.1.8.2).
Table 3.21 shows the calculated structure parameters for the complexes [UO2L2OH2]
(L=sha, bha, ba) as well as for the solvated uranyl ion [UO2(OH2)5]2+. For SPP cal-
culations an increase of the mean U–Oax bond lengths by about 0.031 Å is observed,
if the solvated uranyl ion is complexed. However, for LPP calculations a decrease
of these bond lengths by ca. 0.016 Å is found. This is in contrast to the experiments,
which rather show a bond length increase analogous to the SPPresults. Consequently,
for [UO2L2OH2] the experimental U–Oax distances are by ca. 0.01 Å over- and by at
most 0.04 Å underestimated by SPP and LPP calculations, respectively. The mean
U–Oeq bond lengths always overestimate the experimental values by at most 0.05 and
0.08 Å for [UO2L2OH2] and [UO2(OH2)5]2+, respectively. This overestimation is most
likely connected with the shortcomings of the applied level3 solvation model and the
DFT/B3LYP method [158]. In contrast to the gas phase structures the mean U–Oeq
distances differ only slightly for all complexes, i.e. the deviations amount at most to
0.004 and 0.008 Å between the sha and bha complexes and the sha/bha and ba com-
plexes, respectively. Moreover, bent O–U–O units are obtained, if the solvation effects
are included. This is probably due to the fact that the complexes’ symmetry is reduced
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fromCi toC1.
The LPP and SPP structures including the solvation model deviate at most by−0.049
(2.8%),−0.026 Å (1.1%), and+1.5◦ (2.3%) forRe(U–Oax), Re(U–Oeq), and bond
angles, respectively. Thus, the solvated structures confirm the applicability of the hex-
avalent uranium LPP for these complexes.

Table 3.21:Bond lengthsRe (in Å) and angles∠ (in deg) for the complexes
[UO2L2OH2] (L=sha, bha, ba) and the solvated uranyl ion [UO2(OH2)5]2+

(given as (UO2+2 )aq) from SPP and LPP DFT/B3LYP calculations includ-
ing solvation effects compared to experimental EXAFS data [84]. Ad-
ditionally, f orbital occupations from Mulliken population analyses are
given.

[UO2sha2OH2] [UO2bha2OH2] [UO2ba2OH2] (UO2+
2 )aq

SPP LPP SPP LPP SPP LPP SPP
Re(U–Oax) 1.786 1.740 1.781 1.736 1.772 1.728 1.749

1.782 1.734 1.784 1.736 1.776 1.723 1.749
Re(U–Oax) 1.784 1.737 1.783 1.736 1.774 1.725 1.749
Rexp.(U–Oax)a 1.78 1.77 1.77
Re(U–OCarb.)b 2.454 2.421 2.412 2.427 2.386 2.372

2.402 2.373 2.464 2.379 2.438 2.455
Re(U–ON) 2.325 2.312 2.436 2.318 2.393c 2.362c

2.434 2.420 2.326 2.427 2.482c 2.418c

Re(U–OH2) 2.600 2.563 2.594 2.558 2.554 2.518
Re(U–Oeq) 2.443 2.418 2.447 2.422 2.451 2.425 2.496
Rexp.(U–Oeq)a 2.42 2.40 2.42
∠Oax–U–Oax 175.8 176.5 176.0 176.2 178.3 178.4 179.8
∠OCarb.–U–ONb 64.9 65.5 65.2 66.6 54.2c 54.1c

65.6 66.4 65.8 65.7 53.5c 54.7c

f occ. 2.51 2.06 2.51 2.03 2.54 2.09

aComposition of the EXAFS samples: sha−: 76% [UO2sha2], 12% [UO2sha]+, 12% UO2+
2 ; bha−:

90% [UO2bha2], 8% [UO2bha]+, 2% UO2+
2 ; UO2+

2 : 100% UO2+
2 .

bOCarb. is the oxygen atom of the carbonyl group.
cIn the case of ba− the coordinating oxygen atom denoted as ON corresponds to the original hydroxyl
group.

Relative Stabilities The zero-point corrected complex binding energies (cf. Table
3.20) were obtained byE = E(UO2+

2 )+ 2×E(L−)−E([UO2L2]) and the zero-point
energies were scaled by 0.972 [159]. Analogous to the 1:1 complexes only gas phase
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binding energies are given, because explicit hydration wasexclusively considered for
the UO2+

2 fragment and not for ligands.
The binding energies show the same trend as the experimentalstability constants, i.e.
they decrease from [UO2sha2] via [UO2bha2] to [UO2ba2]. While the decrease from
the sha to the bha system’s SPP binding energies only amountsto 32 kJ mol−1, that be-
tween the bha and ba systems is more than three times larger (119 kJ mol−1). A similar
observation is made for the 1:1 complexes, i.e. the energy difference between the sha
and bha systems amounts to 33 kJ mol−1 and that between the bha and ba systems is
106 kJ mol−1 (cf. Table 3.18). Thus, the complexes formed with the model ligand ba−

differ clearly from the hydroxamate systems.
Analogous to the molecular structures, the comparison between LPP and SPP binding
energies shows an excellent agreement, i.e. they differ at most by 19 kJ mol−1 cor-
responding to 0.8%. The successful application to these complexes can be explained
by the sufficiently small deviations between LPP and SPP 5f occupations of at most
0.48 electrons (cf. Table 3.21). Thus, the uranyl(VI) complexes’ structures and bind-
ing energies can also be investigated using the hexavalent LPP for uranium, whereby at
least some computational time can be saved, i.e. DFT/B3LYP single-point calculations
for [UO2sha2OH2] need 1309 and 1129 s using the SPP and LPP, respectively.

Electronic Spectra Figure 3.12 shows the calculated SPP TD-DFT spectrum for the
[UO2sha2OH2] complex in comparison to the experimental UV–vis spectrum[126].
The experimental spectrum shows one broad peak at 390 nm and the calculated spec-
trum shows two peaks at 328 and 395 nm. Both calculated excitations are CT transi-
tions from L− π MOs to U 5f atomic-orbital-like MOs. Since the calculated maximum
is only set off by 5 nm from the experimental one, the calculation seems to be in ex-
cellent agreement with the experiment.
In the case of the calculated SPP TD-DFT and experimental spectra for [UO2bha2OH2]
one peak is obtained in the 300–500 nm region (cf. Fig. 3.13).However, the SPP peak,
which corresponds to a UO2+2 ← L− CT excitation, is significantly blue-shifted by
54 nm or 0.52 eV with respect to the experimental absorption band. This blue-shift is
probably due to the TD-DFT method, which is known to face problems in the descrip-
tion of CT excitations [167]. Since the [UO2sha2OH2] and [UO2bha2OH2] complexes
are quite similar, the agreement with the experiment in the case of the sha complexe is
most likely fortuitous and the TD-DFT method seems not to be suitable to investigate
these complexes.
Figure 3.14 shows the TD-DFT spectra for [UO2sha2OH2] from SPP and LPP cal-

culations in comparison to the experimental UV–vis spectrum [126]. Here, the LPP
calculation was performed without the g function, i.e. a (7s6p5d2f)/[6s5p4d2f] ba-
sis set was used. As one can see the LPP spectrum shows only onepeak within the
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Figure 3.12: Calculated SPP TD-DFT spectrum for the [UO2sha2OH2] complex in
comparison to the experimental UV–vis spectrum [126] from aqueous
solution. Calculated intensities were scaled to have relative intensities of
one for the 328 nm excitation. The small peak at 442 nm is a baseline
correction artifact and of no significance.
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Figure 3.13: Calculated SPP TD-DFT spectrum for the [UO2bha2OH2] complex in
comparison to the experimental UV–vis spectrum [126] from aqueous
solution. Calculated intensities were scaled to have relative intensities of
one for the 332 nm excitation.
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Figure 3.14: TD-DFT spectra for the [UO2sha2OH2] complex from SPP and LPP cal-
culations in comparison to the experimental UV–vis spectrum [126] from
aqueous solution. Calculated intensities were scaled to have relative in-
tensities of one for the 308 and 328 excitations, respectively. The small
peak at 442 nm is a baseline correction artifact and of no significance.

300–500 nm region, which is located at 308 nm. However, this peak does not involve
a UO2+

2 ← L− CT, but a L− π∗ ← π excitation. Thus, the LPP spectrum even does
not show the experimental CT transition. This is most likelydue to the fact that the
CT excitations from L− π MOs to U 5f atomic-orbital-like MOs cannot be described
by the 5f-in-core LPP, because it cannot accommodate additional electrons in the 5f
shell, which is included in the core. Although the f-part of the LPP allows for some
additional 5f occupation, it is already exhausted due to theligand-to-metal donation of
more than 2 electrons (cf. 5f occupations in Table 3.21).
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3.2 4f-in-core Pseudopotentials for Lanthanides

In this Section the adjustment of the quasirelativistic energy-consistent 4f-in-core PPs
for tetravalent lanthanides [28] and of corresponding valence basis sets will be de-
scribed. Furthermore, molecular test calculations using these PPs and basis sets as
well as using the recently published valence basis sets [168] for trivalent 4f-in-core
PPs [17] will be discussed, in order to demonstrate the transferability of the PPs and
basis sets to a molecular environment.

3.2.1 Adjustment of the Pseudopotentials

The 4f-in-core PPs8 corresponding to tetravalent lanthanide atoms (4fn−1, n=1–3, 8, 9
for Ce–Nd, Tb, Dy) were generated analogous to the quasirelativistic di- (4fn+1, n=0–
13 for La–Yb) and trivalent (4fn, n=0–14 for La–Lu) 4f-in-core PPs [17, 18]. The
parameters for the tetravalent PPs are listed in Table A.3.
The 1s–4f (spherically averaged) shells are included in thePP core, while all orbitals
with main quantum number larger than four are treated explicitly, i.e. 12 valence
electrons. The s-, p-, and d-PPs are composed of two Gaussians each and were adjusted
by a least-squares fit to the total valence energies of 18 reference states (cf. Table
A.1). The reference data were taken from relativistic AE calculations using the WB
approach. Both AE WB and PP calculations were performed withan atomic finite-
difference HF scheme [55].
In order to allow for some participation of the 4f orbitals inchemical bonding the f-
parts of the PPs are designed to describe partial occupations of the 4f shell, which are
larger than the integral occupation number implied by the valency, i.e. 4fn−1+q (n=1–3,
8, 9 for Ce–Nd, Tb, Dy) with0 ≤ q < 1 for tetravalent lanthanide atoms [18]. In slight
variation to the former PPs [18] and analogous to the 5f-in-core PPs for actinides [20],
the f-PPs consist of two types of potentialsV1 andV2 (cf. (3.1)).
The errors in the total valence energies of finite-difference HF calculations are smaller
than 0.07 and 0.21 eV (0.4%) for s-, p-, d- and f-parts, respectively (cf. Tables A.5 and
A.9).

3.2.2 Optimization of the Valence Basis Sets

In the following the optimization of the valence basis sets9 corresponding to tetrava-
lent 4f-in-core PPs [28] will be presented in two parts, i.e.first the generation of the

8The tetravalent 4f-in-core PPs were adjusted by M. Hülsen.
9The valence basis sets were optimized by M. Hülsen.
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primitive and then that of the segmented contracted basis sets will be given. The basis
set parameters are listed in Table B.9.

3.2.2.1 Primitive Basis Sets

The GTO valence basis sets were constructed analogous to those for tetravalent 5f-in-
core PPs for actinides [29]. First, basis sets for use in crystal calculations were created,
i.e. (4s4p3d) and (5s5p4d) basis sets were HF energy-optimized [57] for the valence
subconfiguration Ln3+ 5s25p65d1. All exponents, which became smaller than 0.15,
were fixed to this value and the remaining exponents were reoptimized. Furthermore,
all optimizations were carried out with the requirement that the ratio of exponents in
the same angular symmetry must be at least 1.5. The basis set errors in the valence en-
ergies with respect to numerical finite-difference 4f-in-core LPP HF calculations [55]
are below 0.15 and 0.03 eV for (4s4p3d) and (5s5p4d), respectively (cf. Table B.10).
Secondly, the valence basis sets were augmented by adding a set of 2s1p1d low-
exponent Gaussians yielding (6s5p4d) and (7s6p5d) primitive sets for use in molecular
calculations. The added exponents were HF energy-optimized [57] for the 5s25p65d26s2

valence subconfiguration. The differences in the valence energies with respect to nu-
merical finite-difference LPP HF calculations [55] are below 0.15 and 0.03 eV for
(6s5p4d) and (7s6p5d), respectively (cf. Table B.10). Finally, sets of 2f1g polariza-
tion functions were energy-optimized in CI calculations [52] for the 5d26s2 valence
subconfiguration.

Table 3.22:Contraction schemes.

Contraction Scheme
Contraction (6s5p4d) (7s6p5d)
[4s3p3d] {3111/311/211} {3211/411/311}
[5s4p4d]a {21111/2111/211} {31111/2211/2111}
[6s5p4d] {211111/21111/2111}

aIn the case of the (6s5p4d) basis set the VTZ contraction is [5s4p3d].

3.2.2.2 Contracted Basis Sets

The basis sets were contracted using different segmented contraction schemes (cf. Ta-
ble 3.22) to yield basis sets of approximately VDZ, VTZ, and VQZ quality for the
s and p symmetries. In the case of d symmetry at least a triple-zeta contraction was
necessary and additional sets with a less tight d contraction are also offered (VDZ:
[4s3p3d], VTZ: [5s4p3d], [5s4p4d], and VQZ: [6s5p4d]).



3.2 4F-IN-CORE PSEUDOPOTENTIALS FORLANTHANIDES 93

The errors in total valence energies of the 5d26s2 valence substates with respect to
numerical finite-difference LPP HF calculations [55] are listed in Table B.11. For the
VDZ and VTZ contractions of the (6s5p4d) basis sets these errors are below 0.21 and
0.17 eV, respectively. For the VDZ, VTZ, and VQZ contractions of the (7s6p5d) basis
sets these errors are below 0.07, 0.05, and 0.03 eV, respectively.

3.2.3 Molecular Test Calculations

For the tetravalent 4f-in-core LPPs and corresponding valence basis sets molecular
test calculations were performed for lanthanide tetrafluorides LnF4 and cerium dioxide
CeO2, respectively [28]. Furthermore, the recently published valence basis sets [168]
for trivalent 4f-in-core LPPs [17] were tested by calculating lanthanide trifluorides
LnF3 [54]. The calculations for LnF4, CeO2, and LnF3 will be discussed separately.
Finally, the results for LnF3 will be compared to those for AnF3.

3.2.3.1 Lanthanide Tetrafluorides

The LPP HF and CCSD(T) calculations for LnF4 (Ln=Ce–Nd, Tb, Dy) and CeF4 will
be compared to corresponding SPP state-averaged MCSCF calculations and experi-
mental [169] as well as computational [170] data from the literature, respectively. The
results for bond lengths as well as bond energies and those ofMulliken population
analyses are listed in Tables 3.23 and 3.24, respectively.

Computational Details The test calculations10 for LnF4 (Ln=Ce–Nd, Tb, Dy) were
carried out with the MOLPRO program package [52] implyingTd symmetry and using
tetravalent 4f-in-core LPPs as well as 4f-in-valence SPPs [14]. For F Dunning’s aug-
cc-pVQZ basis set [62, 63] was applied, and for Ln (7s6p5d2f1g)/[6s5p4d2f1g] and
(14s13p10d8f6g)/[6s6p5d4f3g] [171] valence basis sets were used for LPP HF and
SPP state-averaged MCSCF calculations, respectively. Thestate-averaging was neces-
sary to avoid symmetry-breaking at the orbital level, because the program MOLPRO
is limited to theD2h point group and subgroups. For CeF4 a LPP CCSD(T) calculation
was performed, since for this compound an experimental bondlength [169] is avail-
able. In the CCSD(T) calculation for F Dunning’s aug-cc-pVTZ basis set [62,63] was
applied, and the F 1s orbitals were frozen.
The Ln–F bond energy for LnF4 was calculated byEbond = [E(Ln) + 4 × E(F ) −
E(LnF4)]/4, where the lanthanide atom was assumed to be in the lowest valence sub-
state, i.e. 4fn−15d26s2. In order to calculate bond energies with respect to the exper-
imentally observed ground states of the lanthanides, the strategy proposed for the di-

10The calculations for LnF4 were performed by M. Hülsen.
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Table 3.23:Ln–F bond lengthsRe (in Å) and energiesEbond (in eV) for LnF4 (Ln=Ce–
Nd, Tb, Dy) from LPP HF and SPP state-averaged MCSCF calculations.
For CeF4 LPP CCSD(T) as well as experimental [169] data are given in
italics.

Re Ea
bond

Ln LPP SPPb LPP SPP
Ce 2.045 2.031 5.269 5.386

2.048 2.036(5) 6.715
Pr 2.033 2.017 5.236 5.291
Nd 2.021 2.005 5.219 5.222
Tb 1.963 1.957 5.245 4.989
Dy 1.952 1.946 5.265 5.043

aBond energies are not corrected to account for the experimentally observed ground states.
bGiven in italics: experimental bond length for CeF4.

and trivalent 4f-in-core PPs almost two decades ago [70] should be used (cf. Sect.
3.1.5.1). In contrast to di- and trivalent for tetravalent 4f-in-core PPs an energy correc-
tion using experimental energy differences is not possible, since for the 5d26s2 valence
subconfiguration no experimental data are available [71]. If desired, correlation con-
tributions can be obtained by SPP or AE atomic calculations.Tables C.9 and C.10
summarize AE WB and AE DHF corrections, respectively.

Lanthanide Tetrafluoride Structure Due to the lanthanide contraction the Ln–F
bond lengths calculated by using LPP HF and SPP state-averaged MCSCF decrease
continuously with increasing nuclear charge by 0.093 and 0.085 Å, respectively. The
LPP HF bond lengths are in good agreement with the SPP reference data, i.e. the
m.a.e. and m.r.e. amount to 0.012 Å and 0.6%, respectively. The maximum error is
0.016 Å (0.8%). Compared to the Ce–F bond length of 2.036 Å [170] calculated by
using an ECP (core: 1s–4d) at the HF level, the LPP HF value also deviates only by
0.009 Å corresponding to 0.4%.
If correlation is included via CCSD(T), the bond length of CeF4 becomes slightly
longer by 0.003 Å. The difference between the LPP CCSD(T) andexperimental [169]
Ce–F bond lengths amount to 0.012 Å (0.6%). The deviation to the Ce–F bond length
of 2.041 Å from an ECP MP2 calculation [170] is 0.007 Å (0.3%).Thus, the LPP
CCSD(T) bond length of CeF4 is also in good agreement with corresponding reference
data and confirms the reliability of the newly developed LPPs.
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Lanthanide–fluorine Bond Energy While the LPP HF Ln–F bond energies (for the
lowest valence substates of the superconfigurations) stay almost constant (∆Emax=
0.05 eV), the SPP state-averaged MCSCF bond energies (for the lowest states of the
configuration) decrease with increasing nuclear charge andshow a minimum for Tb
(∆Emax=0.40 eV), i.e. for the half-filled 4f shell. The LPP and SPP bond energies
show a satisfactory agreement, i.e. the m.a.e. (m.r.e.) amounts to 0.13 eV (2.6%) and
the maximum error, which occurs for Tb, is 0.26 eV (5.1%). ForCeF4 the LPP HF
bond energy is by 0.34 eV (6.9%) larger than the value obtained by Lanza and Fragala
in an ECP HF calculation (4.93 eV) [170]. However, this is most likely due to the
different basis sets rather than to the different core definitions (basis sets: LPP: Ce
(7s6p5d2f1g)/[6s5p4d2f1g], F (13s7p4d3f2g)/[6s5p4d3f2g]; ECP: Ce [4s4p2d2f], F
(11s6p2d)/[5s3p2d]; core: LPP: 1s–4f; ECP: 1s–4d).
As expected the inclusion of electron correlation via CCSD(T) clearly increases the
Ce–F bond energy by 1.45 eV. The LPP CCSD(T) bond energy agrees quite well with
the ECP MP2 bond energy of 6.73 eV obtained by Lanza and Fragala [170], i.e. the
difference amounts to 0.015 eV (0.2%).

Table 3.24:Mulliken 5s/6s, 5p, 5d, and 4f orbital populations and atomic charges (Q)
on Ln in LnF4 (Ln=Ce–Nd, Tb, Dy) from LPP HF and SPP state-averaged
MCSCF calculations. A 5s25p65d26s2 ground state valence subconfigura-
tion is considered for Ln.

s p d f Q
Ln LPP SPP LPP SPP LPP SPP LPPa SPP LPP SPP
Ce 1.98 2.13 5.86 5.91 0.69 0.79 0.16 0.35 3.30 2.78
Pr 1.97 2.14 5.86 5.90 0.70 0.81 0.15 1.33 3.31 2.77
Nd 1.97 2.15 5.85 5.90 0.71 0.80 0.14 2.30 3.32 2.80
Tb 1.97 2.23 5.84 5.88 0.73 0.82 0.12 7.18 3.34 2.87
Dy 1.97 2.25 5.83 5.87 0.73 0.90 0.11 8.17 3.35 2.79

a0, 1, 2, 7, and 8 electrons in the 4f shell are attributed to theLPP core for Ce, Pr, Nd, Tb, and Dy,
respectively.

Mulliken Orbital Populations The Mulliken orbital populations show that the bond-
ing in LnF4 is basically ionic with significant back-bonding into the Ln5d and 4f (less
6s) orbitals. For LPP and SPP calculations this results in charge separations up to 0.84
and 0.72 electrons per bond and in total atomic charges of up to 3.35 and 2.87 units on
the lanthanide, respectively. The SPP 4f occupations deviate on average by 0.27 and at
most by 0.35 electrons from the assumed LPP 4fn−1 occupations. This demonstrates
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that the 4f orbitals participate to some extent in the Ln–F bonding. However, the 4f-
in-core approach yields reasonable results, since the meandifferences between LPP
and SPP 4f occupations amount only to 0.13 and at most to 0.19 electrons, because
the f-part of the LPPs allows for some 4f occupation in addition to the integral 4fn−1

assumption.

3.2.3.2 Cerium Dioxide

The HF and CCSD(T) calculations for CeO2 using the tetravalent LPP will be com-
pared to 4f-in-valence SPP reference data [172]. The results for bond lengths, bond
angles, binding energies, and f orbital populations are listed in Table 3.25.

Computational Details The LPP HF, LPP CCSD(T), and SPP [14] HF optimiza-
tions for CeO2 were performed with MOLPRO [52] usingC2v symmetry. For Ce
(7s6p5d2f1g)/[6s5p4d2f1g] and (14s13p10d8f6g)/[6s6p5d4f3g] [171] valence basis
sets were used for LPP and SPP calculations, respectively, and for O Dunning’s aug-
cc-pVQZ basis set [62,63] was applied. In the case of the CCSD(T) calculation the O
1s orbitals were frozen, and for O Dunning’s aug-cc-pVTZ basis set [62,63] was used.
The binding energy of CeO2 was calculated byEbond = E(Ce)+2×E(O)−E(CeO2),
where the cerium atom was assumed to have the 4f05d26s2 valence subconfiguration.

Hartree–Fock Results The LPP HF molecular structure for CeO2 deviates signifi-
cantly from the SPP HF reference data, i.e. the differences between the Ce–O bond
lengths and O–Ce–O bond angles amount to 0.049 Å (2.7%) and 9.1◦ (7.8%), respec-
tively. Compared to the SPP HF data from the literature [172]these deviations are
0.047 Å (2.6%) and 10.5◦ (8.9%). In the case of the binding energies the deviation
between LPP and SPP data is even larger and amounts to 1.84 eV (16.6%). The reason
for these significant discrepancies is the large deviation between the LPP and SPP f
occupations, which amounts to 0.49 electrons.
The HF results using the old tetravalent LPP, which was adjusted in 1991 to calculate
cerocene [173], deviate even more from the SPP data, i.e. thedifferences are 0.102 Å
(5.7%), 9.6◦ (8.2%), 3.09 eV (27.9%), and 0.59 electrons for bond lengths, bond an-
gles, binding energies, and f occupations, respectively. These larger deviations are due
to the fact that the f-projector of the old LPP does not allow for any 4f participation
(V = V2 in (3.1)). Therefore the f occupation is very small (0.08 electrons) and corre-
sponds to the occupation of the 5f, 6f, ... shells.
If a V2 instead of aV1 potential is used as f-projector for the new LPP, the results
become very similar to those using the old LPP, and the remaining deviations can
be explained by the different basis sets, i.e. the deviations amount to 0.006 Å, 0.3◦,
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Table 3.25:Ce–O bond lengthsRe (in Å), bond angles∠O–Ce–O (in deg), binding
energiesEbond (in eV), and Mulliken f orbital populations for CeO2 from
LPP HF, LPP CCSD(T), and SPP HF calculations. Furthermore, results
of a HF calculation using the old tetravalent LPP [173] as well as SPP
data [172] from the literature are given.

Method Re ∠
a Eb

bond f occ.
LPP HF 1.839 107.6 9.23 0.18
LPP HFc 1.782 118.4 11.61 0.50
LPP HFd 1.886 106.8 8.09 0.10
old LPP HF 1.892 107.1 7.98 0.08
SPP HF 1.790 116.7 11.07 0.67
SPP HF [172] 1.792 118.1 0.69
LPP CCSD(T) 1.877 104.2 15.36 0.19
LPP CCSD(T)c 1.818 124.4 18.65 0.51
SPP CISD+Q [172] 1.804 118.8
SPP ACPF [172] 1.838 117.6

aExperimental bond angle:∠O–Ce–O=146±2 [174].
bBinding energies are not corrected to account for the experimentally observed ground states.
cLPP HF calculation using a (7s6p5d3f1g)/[6s5p4d3f1g] basis set for Ce, where the 3f basis functions
were HF optimized for 4f25s25p66s2.
dLPP HF calculation using aV2 potential as f-projector.

0.11 eV, and 0.02 electrons. Thus, the use of a f-projector, which admits some 4f oc-
cupation, is important especially for Ce, where the 4f shellis unoccupied. However,
with increasing 4f occupation along the lanthanide series this additional occupation
should get less probable, wherefore the ratio ofV2 is increased continuously by1/14
with increasing 4f occupation (cf. (3.1)). The differencesbetween results forV = V1

andV = V2 are 0.047 Å, 0.8◦, 1.14 eV, and 0.08 electrons, respectively. The influence
of the mixing ratio ofV1 andV2 within (3.1) should be smaller than these deviations.
In order to improve the LPP results, it was tried to use 3f basis functions HF optimized
[52] for the valence configuration 4f25s25p66s2 instead of 2f polarization functions CI
optimized [52] for 5s25p65d26s2 (exponents: 3f: 8.4453, 2.7912, 0.7481; 2f: 0.9916,
0.3239). The new results are in good agreement with the SPP HFdata, i.e. the devi-
ations amount to 0.008 Å (0.4%), 1.7◦ (1.5%), 0.54 eV (4.9%), and 0.17 electrons, re-
spectively. Moreover, the molecular energy E(CeO2) is reduced by 2.39 eV (−187.975
vs. −187.887 a.u.), which shows that the modified basis set performs clearly better.
The reason for this better performance is probably that the 3f basis functions are not
as diffuse as the 2f polarization functions and therefore allow for more additional 4f
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occupation. If the 3f basis functions are applied for CeF4, the deviations from the SPP
bond length, bond energy, and f occupation are slightly reduced to 0.004 Å, 0.09 eV,
and 0.17 electrons, respectively (deviations for 2f: 0.014Å, 0.12 eV, 0.19 electrons).
Furthermore, the molecular energy E(CeF4) is reduced by 0.82 eV (−436.365 vs.
−436.335 a.u.).
In the case of the other lanthanides Pr, Nd, Tb, and Dy f exponents HF optimized [52]
for 4f25s25p66s2 amount at most to 0.3140 and are thus more diffuse than the f polar-
ization functions, where the smallest exponent is 0.3270. This is most likely due to
the admixture of theV2 potential in the f-PP (cf. (3.1)), which does not allow for an
additional 4f occupation. For these elements LPP HF calculations for LnF4 using the
3f basis functions give by 0.17–0.26 eV higher molecular energies E(LnF4) indicating
that these basis sets are not as good as the 2f polarization functions. Furthermore, the
deviations between LPP and SPP bond lengths are increased, if the 3f basis functions
are used (Pr 0.024 vs. 0.016, Nd 0.022 vs. 0.015, Tb 0.010 vs. 0.006, Dy 0.010 vs.
0.007 Å). Thus, in the case of these elements the 2f polarization functions should be
used. However, if the 3f basis functions are used for CeF4 and the 2f polarization func-
tions are used for Pr, Nd, Tb, and Dy, the bond lengths show no regular variation with
increasing nuclear charge, but a skip of 0.007 Å between CeF4 and PrF4 (Ce 2.026, Pr
2.033, Nd 2.021, Tb 1.963, Dy 1.952 Å).

Coupled Cluster Results If CCSD(T) instead of HF calculations are carried out us-
ing the 2f polarization functions, the Ce–O bond length is increased by 0.038 Å, the
O–Ce–O bond angle is decreased by 3.4◦, the binding energy is increased by 6.13 eV,
and the f occupation stays almost constant (∆f occ.=0.01 electrons). The deviations
from SPP structures determined by the CISD method includingthe correction formula
proposed by Langhoff and Davidson (CISD+Q) and by the ACPF method [172] are
quite large and amount to 0.073 (4.0%) and 0.039 Å (2.1%) and 14.6 (12.3%) and
13.4◦ (11.4%) for bond lengths and angles, respectively. The deviation from the ex-
perimental bond angle of 146±2◦ [174] is even larger and amounts to 42◦ (29%).
However, this deviation can partly be explained by the fact that the experimental value
determined based on the infrared spectrum of CeO2 in an Ar matrix does not include
corrections for anharmonicity effects (estimated to reduce the bond angle by 5–10◦)
and the influence of the matrix on the bond angle.
Using the 3f basis functions instead of the 2f polarization functions yields clearly
smaller differences from SPP CISD+Q and ACPF data [172], respectively, i.e. the
deviations are reduced to 0.014 (0.8%) and 0.020 Å (1.1%) and5.6 (4.7%) and 6.8◦

(5.8%) for bond lengths and angles, respectively. Comparedto the experimental bond
angle the deviation amounts to 22◦ (15%), which is by about 50% smaller than that
using the 2f polarization functions. Thus, also at the correlated level the use of the 3f
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basis functions adjusted to 4f25s25p66s2 shows a considerable improvement.

3.2.3.3 Lanthanide Trifluorides

The LnF3 HF and CCSD(T) results calculated using 4f-in-core LPPs [17] with and
without CPPs [41] and the recently published (8s7p6d3f2g)/[6s5p5d3f2g] basis sets
[168] will be compared to SPP [14] state-averaged MCSCF and experimental [175–
177] data from the literature, respectively (cf. Tables 3.26 and 3.27 for HF and CCSD(T)
results, respectively) [54]. However, the experimental atomization energies [176] were
not measured directly, but calculated from a thermochemical cycle, where sometimes
estimated values were used. The assumed uncertainty is±0.22 eV if all quantities are
measured (La, Pr, Nd, Gd, Er) and±0.43 eV if one or more estimated values are used
(Ce, Sm, Eu, Tb–Ho, Tm–Lu).
In the case of Gd the contraction coefficients of the s basis functions were modified,
because new coefficients reduce the energy of Gd3+ by more than 1 a.u. (s coefficients:
old−0.9361, 1.3080,−0.8824; new−0.0801, 0.5277,−0.9570).

Computational Details For LnF3 (Ln=La–Lu) HF and CCSD(T) calculations us-
ing trivalent 4f-in-core LPPs [17] with and without CPPs [41] were carried out with
MOLPRO [52] implyingC3v symmetry. The recently published (8s7p6d)/[6s5p5d]
basis sets [168] with newly optimized 3f2g polarization functions11 were used for Ln.
These polarization functions were energy-optimized in MRCI calculations. For F Dun-
ning’s aug-cc-pVQZ basis set [62, 63] was applied, and the F 1s orbitals were frozen
at the CCSD(T) level. As comparison SPP [14] state-averagedMCSCF calculations
were performed [52] using (14s13p10d8f6g)/[6s6p5d4f3g] basis sets [171].
For LaF3 and LuF3 SPP CCSD(T) calculations and for LuF3 an AE/DKH CCSD(T)
calculation12 were carried out [52] usingC3v symmetry and Dunning’s aug-cc-pVQZ
basis set for F [62,63]. In the SPP calculations for Ln (14s13p10d8f6g)/[6s6p5d4f3g]
basis sets [171] were used and the Ln 4s, 4p, and 4d as well as the F 1s orbitals were
frozen. In the AE calculation for Lu a (26s22p18d14f6g)/[10s8p6d5f3g] generalized
contracted basis set was applied and the Lu 1s–4s, 2p–4p, and3d–4d as well as the F
1s orbitals were frozen.

11The polarization functions were optimized by J. Yang.
12The AE calculation for LuF3 was performed by M. Dolg.
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Table 3.26:Ln–F bond lengthsRe (in Å), bond angles∠F–Ln–F (in deg), and ionic binding energies∆Eion (in eV) for LnF3

(Ln=La–Lu) from HF calculations using LPPs with and withoutCPPs in comparison to SPP state-averaged MCSCF
and LPP HF [178] calculations. Additionally, LPP and SPP f orbital occupations from Mulliken population analyses
are given.

Re ∠F–Ln–F ∆Eion f occ.
Ln LPP CPPa SPP [178] LPP CPPa SPP [178] LPP CPPa SPP LPPb SPP
La 2.146 2.143 2.138 2.15 118.8 118.7 119.5 116.0 44.48 44.6044.65 0.10 0.17
Ce 2.132 2.128 2.119 2.13 119.4 119.3 118.4 116.8 44.83 44.9845.08 0.10 1.16
Pr 2.118 2.113 2.107 2.12 119.7 119.7 118.8 117.4 45.17 45.3545.43 0.09 2.15
Nd 2.105 2.098 2.096 2.11 119.9 119.9 119.5 118.0 45.50 45.7245.72 0.09 3.13
Pm 2.092 2.085 2.086 2.09 120.0 120.0 120.0 118.9 45.81 46.0746.00 0.09 4.12
Sm 2.080 2.071 2.075 2.08 120.0 120.0 120.0 119.8 46.11 46.4146.28 0.09 5.11
Eu 2.067 2.057 2.065 2.06 120.0 120.0 120.0 120.0 46.42 46.7746.53 0.09 6.10
Gd 2.056 2.045 2.054 2.06 120.0 120.0 120.0 120.0 46.69 47.0946.81 0.09 7.10
Tb 2.043 2.031 2.043 2.05 120.0 120.0 120.0 120.0 47.00 47.4547.06 0.09 8.09
Dy 2.032 2.018 2.032 2.03 120.0 120.0 120.0 120.0 47.29 47.8047.36 0.09 9.09
Ho 2.020 2.005 2.021 2.02 120.0 120.0 120.0 120.0 47.58 48.1647.64 0.09 10.08
Er 2.009 1.992 2.010 2.01 120.0 120.0 120.0 120.0 47.87 48.5147.92 0.09 11.07
Tm 1.999 1.980 2.000 2.00 120.0 120.0 120.0 120.0 48.14 48.8548.19 0.09 12.07
Yb 1.988 1.968 1.989 1.99 120.0 120.0 120.0 120.0 48.43 49.2148.46 0.09 13.06
Lu 1.984 1.963 1.978 1.98 120.0 120.0 120.0 120.0 48.58 49.4448.80 0.08 14.04

aLPP calculations using CPPs.
b0–14 electrons in the 4f shell are attributed to the LPP core for La–Lu, respectively.
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Lanthanide Trifluoride Structure The LPP HF bond lengths calculated using the
new basis sets [168] overestimate the SPP bond lengths on average by 0.005 Å (0.2%).
If CPPs are applied, the LPP bond lengths decrease by about 0.012 Å. Since this
decrease grows along the lanthanide series (∆Re: La −0.003; Lu−0.021 Å), the
LPP+CPP values still overestimate the SPP bond lengths for the lighter (La–Nd) and
underestimate them for the heavier lanthanides (Pm–Lu). Altogether the CPPs in-
crease the deviations from the SPP data, i.e. the m.a.e. (m.r.e.) amounts to 0.011 Å
(0.5%). However, it should be noted here that the CPP models static as well as dynamic
core-polarization, whereas the SPP state-averaged MCSCF calculations only account
for the former. The bond lengths from LPP HF calculations [178] using the original
(7s6p5d)/[5s4p3d] basis sets [17] also differ by about 0.005 Å (0.3%) from the SPP
data. The differences between these and the LPP HF bond lengths using the new basis
sets are negligible, i.e. they amount to ca. 0.003 Å (0.1%), which is in agreement with
the finding of other authors for DyCl3 [179], where the original basis set also gives by
0.001–0.003 Å longer bond lengths than the new one.
The planarity or non-planarity of LnF3 has been the subject of some controversy. How-
ever, both experimental and theoretical evidence point toC3v structures for the major-
ity of LnF3 [175, 178, 180]. Here, the LPP HF and SPP state-averaged MCSCF cal-
culations yieldC3v symmetry only in the beginning of the lanthanide series, i.e. for
LaF3–NdF3 (four elements) and PmF3–LuF3 (11 elements)C3v andD3h symmetry is
obtained, respectively. The differences between the LPP and SPP bond angles are quite
small, i.e. the m.a.e. and m.r.e. are 0.2◦ and 0.2%, respectively. The application of
CPPs has nearly no effect (∆∠max=0.05◦ (0.04%)), wherefore the differences between
LPP+CPP and SPP bond angles are the same as those of pure LPPs.The bond angles
of the former LPP HF calculations [178] using the original basis sets deviate slightly
more from the SPP results, i.e. the m.a.e. (m.r.e.) amounts to 0.6◦ (0.5%). Here,C3v

symmetry is found for LaF3–SmF3 (six elements). Analogous to the bond lengths, the
deviations between these former and the LPP HF bond angles using the new basis sets
are very small, i.e. the differences are on average 0.7◦ (0.6%).
If correlation effects are included via CCSD(T), the LPP HF bond lengths are short-
ened by 0.008 Å (0.4%). The differences from the experimental bond lengths [175]
are quite small, i.e. the m.a.e. (m.r.e.) amounts to 0.007 Å (0.3%). The use of CPPs
at the CCSD(T) level shows a smaller bond length contractionthan for the LPP HF
calculations, i.e. the reduction is 0.008 (0.4%) instead of0.012 Å (0.6%). Analogous
to the LPP CCSD(T) An–F bond lengths (cf. Sect. 3.1.5.6), thereason for this smaller
contraction is most likely the increased F–F repulsion due to the bond length reduction
by the consideration of valence correlation effects. Thus,the improvement of the LPP
CCSD(T) results by using CPPs is only ca. 0.002 Å (0.1%), i.e.the m.a.e. (m.r.e.) of
the LPP+CPP CCSD(T) bond lengths amounts to 0.005 Å (0.2%). The bond lengths
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from former LPP calculations using the original basis sets and MP2 [178] differ by
ca. 0.013 Å (0.7%) from the experimental values. Thus, thesedeviations are slightly
larger than those of the LPP CCSD(T) results. However, with regard to the differ-
ent methods and basis sets the deviations between the LPP MP2and CCSD(T) bond
lengths are quite small, i.e. they amount at most to 0.017 Å (0.8%). For LaF3 and
LuF3 the deviations of the LPP CCSD(T) bond lengths from AE DFT/PBE optimiza-
tions using ZORA [181] are also quite small, i.e. the La–F andLu–F bond lengths are
overestimated by 0.022 (1.0%) and 0.013 Å (0.7%), respectively (AE bond lengths:
LaF3 2.111, LuF3 1.969 Å).
In the case of bond angles the inclusion of correlation effects via CCSD(T) results in
a decrease of about 1.3◦ (1.1%). Due to this decrease, for LaF3–TbF3 (nine elements)
C3v symmetry is obtained. The mean deviation from experimentaldata [175] amounts
to 10.3◦ (9.5%). The application of CPPs at the CCSD(T) level gives a larger bond
angle decrease compared to the HF level, i.e. the bond anglesare reduced by 0.12◦

(0.1%). Because of this decrease, at the LPP+CPP CCSD(T) level also for DyF3 C3v

symmetry is obtained and the mean deviation from experimental data is slightly re-
duced to 10.2◦ (9.4%). The former LPP MP2 bond angles [178] differ even slightly
less from the experimental data, i.e. the m.a.e. (m.r.e.) amounts to 9.0◦ (8.3%). How-
ever, both LPP MP2 and CCSD(T) calculations yieldC3v symmetry for the same com-
pounds (LaF3–TbF3; nine elements) and deviate only by about 1.1◦ (0.9%).
One reason for the large deviations (ca. 10%) between computational and experimental
bond angles is possibly that the experimental structures were determined according to
electron diffraction data without anharmonicity corrections [175]. However, the an-
harmonicity in angle bending vibration may seriously affect the angle parameters, i.e.
the conclusion on equilibrium molecular geometries cannotbe considered fully unam-
biguous [182]. Furthermore, the LPP CCSD(T) bond angles of LaF3 and LuF3 are in
good agreement with SPP CCSD(T) data (cf. Table 3.27), i.e. the differences amount
to 0.4 and 0.0◦ for LaF3 and LuF3, respectively.
Compared to the AE DFT/PBE bond angle of LaF3 (∠=113.6◦) [181] the LPP CCSD(T)
value deviates only by 2.2◦ (1.9%). However, in the case of LuF3 the AE DFT bond
angle (∠=101.4◦) [181] is by more than 18◦ smaller than the LPP CCSD(T) result, i.e.
at the AE DFT level a non-planar LuF3 structure is obtained, whose bond angle is even
smaller than that of LaF3. Clavaguera et al. [181] confirmed this small bond angle
by a SPP MP2 calculation using (14s13p10d8f6g)/[10s8p5d4f3g] [183] and cc-pVDZ
basis sets for Lu and F, respectively. This finding stands in contrast to all calculations
performed here for LuF3, i.e. LPP, SPP, and AE/DKH CCSD(T) optimizations [52]
usingC3v symmetry yield planar structures (cf. Table 3.27). Furthermore, a planar
AE/DKH CCSD structure (Re=1.966 Å) was confirmed as a true energy minimum by
a numerical vibrational frequency analysis [52].
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Table 3.27:Ln–F bond lengthsRe (in Å), bond angles∠F–Ln–F (in deg), and atomization energies∆Eat (in eV) for LnF3

(Ln=La–Lu) from CCSD(T) calculations using LPPs with and without CPPs in comparison to experimental data
[175,176] as well as to LPP MP2 [178] and CISD+Q [184] calculations. Additionally, LPP and LPP+CPP CCSD(T)
atomization energies corrected to account for the couplingbetween 4fn and 5d1 as well as for the proper description
of triply-charged ions Ln3+ ∆Ecoupl.+Ln3+ (in eV) are given.

Re ∠F–Ln–Fa ∆Eb
at ∆Eb

coupl.+Ln3+

Ln LPP CPPc Exp.d [178] LPP CPPc [178] LPP CPPc Exp.e [184] LPP CPPc

Laf 2.133 2.130 2.139 2.15 115.8 115.8 112.9 20.13 20.16 19.86 18.17 20.07 20.11
Ce 2.119 2.116 2.127 2.13 116.3 116.2 113.7 20.10 20.15 20.08 18.23 19.32 19.36
Pr 2.105 2.101 2.091 2.12 116.5 116.5 114.1 19.50 19.55 19.0817.63 18.92 18.97
Nd 2.092 2.088 2.090 2.10 116.8 116.7 114.6 19.17 19.23 19.04 17.33 18.44 18.50
Pm 2.080 2.076 2.077 2.09 117.4 117.2 115.5 19.99 20.06 19.07 19.14
Sm 2.069 2.063 2.065 2.08 117.9 117.7 116.3 17.71 17.78 17.30 15.93 16.65 16.73
Eu 2.058 2.051 2.054 2.06 118.5 118.2 118.3 16.51 16.59 17.22 14.86 15.52 15.60
Gd 2.048 2.041 2.053 2.06 119.1 118.8 117.8 19.92 20.00 19.2118.16 19.24 19.33
Tb 2.037 2.029 2.030 2.05 119.7 119.5 119.1 19.90 19.99 18.99 18.18 19.58 19.67
Dy 2.026 2.017 2.019 2.04 120.0 119.8 120.0 19.01 19.11 17.35 17.25 18.77 18.87
Ho 2.015 2.005 2.007 2.02 120.0 120.0 120.0 18.94 19.05 17.2217.15 18.66 18.76
Er 2.004 1.993 1.997 2.01 120.0 120.0 120.0 19.14 19.25 17.17 17.31 18.76 18.87
Tm 1.994 1.982 1.987 2.00 120.0 120.0 120.0 18.43 18.53 17.04 16.55 18.00 18.11
Yb 1.984 1.970 1.975 1.99 120.0 120.0 120.0 17.26 17.36 16.05 15.29 16.91 17.02
Luf 1.982 1.967 1.968 1.98 120.0 120.0 120.0 20.07 20.14 18.43 18.21 20.05 20.12

aExperimental∠F–Ln–F (in deg): Pr 105.0±1.5, Gd 109.0±2.3, Ho 110.8±1.2 [175].
bExcept for Pm, atomization energies are given with respect to the real ground states using experimental energy corrections (cf. Table C.11).
cLPP calculations using CPPs.
dNumbers in italics represent estimated values.
eThe experimental data [176] were not measured directly, butcalculated from a thermochemical cycle, where sometimes estimated values were used. The
errors are assumed to be±0.22eV for La, Pr, Nd, Gd, and Er and±0.43 eV for the other lanthanides. Further experimental values for∆Eat (in eV): Sm
17.74(9), Eu 16.48(9), Tm 17.52(9) [177].
f SPP CCSD(T): LaRe=2.121Å,∠F–La–F=116.2◦, ∆Eat=20.38eV; LuRe=1.962 Å,∠F–Lu–F=120.0◦, ∆Eat=20.19eV;
AE/DKH CCSD(T): LuRe=1.967Å,∠F–Lu–F=120.0◦, ∆Eat=20.75 eV.
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In order to exclude that this discrepancy is due to differentmethods or basis sets,
a SPP MP2 optimization in GAUSSIAN03 [185] using exactly thesame basis sets
as Clavaguera et al. [181] was performed as well. A slightly non-planar structure
confirmed as a true energy minimum by a numerical vibrationalfrequency analysis
was obtained, but the bond angle amounts to 119.0 and not to 101.4◦. Therefore the
recently published results from Roos et al. [186], where theLuF3 molecule is found to
be planar (AE/DKH results: CASPT2Re=1.961; DFT/B3LYP:Re=1.985 Å) and the
4f shell is affirmed to be essentially inert, are confirmed.
From the comparison of the LPP CCSD(T) structures to the experimental data [175]
one can conclude that the new basis sets yield reasonable results especially for bond
lengths, where the deviations are at most 0.014 Å (0.7%). Moreover, the LPP HF and
CCSD(T) results are as good as those from former LPP HF and MP2calculations
[178], respectively, where the original (7s6p5d)/[5s4p3d] basis sets [17] were applied.
In contrast to AnF3 (cf. Sect. 3.1.5.6), the CPPs show only at the CCSD(T) level a
slight improvement of the structures.

Atomization and Ionic Binding Energy The LPP HF and SPP state-averaged MC-
SCF atomization energies for LnF3 ∆Eat = E(Ln)+3×E(F )−E(LnF3) calculated
with respect to the lanthanide atom in the lowest state of the4fn5d16s2 configuration
show rather large differences, i.e. the mean and maximum error amount to 0.38 (2.5%)
and 0.85 eV (5.7%), respectively (cf. Fig. 3.15 and Table C.12). This is due to the dif-
ferent kinds of coupling between the 4f and 5d shell. In the case of the SPP calculations
the 4f shell is treated explicitly and therefore the 5d shellis coupled in such a way that
the lowest LS-state according to Hund’s rule arising from 4fn5d16s2 is obtained. In
the case of the LPP calculations only2D valence substates are calculated, since the 4f
shell is included in the PP core. Thus, 4f intrashell and 4f–5d intershell coupling is
treated in an averaged manner and the results are obtained for averages over all states
belonging to the molecular Ln3+ 4fn (F−)3 and atomic Ln 4fn5d16s2 superconfigura-
tions.
In order to correct for this discrepancy, the AE WB energy differences between the
energies, where 4fn is in its lowest LS-state and the 5d electron is coupled in an aver-
aged manner, and the energies of the lowest LS-states according to Hund’s rule were
determined [55]. If this energy differences are subtractedfrom the LPP atomization
energies, LPP HF atomization energies with respect to the lowest LS-states according
to Hund’s rule∆Ecoupl. are obtained (cf. Table C.12). By this correction the mean and
maximum deviations between LPP and SPP atomization energies are clearly reduced
to 0.16 (1.0%) and 0.58 eV (3.6%), respectively (cf. Fig. 3.16).

For Ce (4f15d1) and Yb (4f135d1) this energy correction could also be determined
more exactly by subtracting the SPP state-averaged MCSCF atomization energy cal-
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Figure 3.15: Atomization energies∆Eat (in eV) for LnF3 (Ln=La–Lu) with respect
to the valence substates 4fn5d16s2 from LPP HF and SPP state-averaged
MCSCF calculations. SPP values are given for the lowest LS-states ac-
cording to Hund’s rule, while LPP values are given for2D states, since
here the 4f shell is treated in an averaged manner.
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Figure 3.16: Atomization energies∆Ecoupl. and∆Eat (in eV) for LnF3 (Ln=La–Lu)
with respect to the lowest LS-states according to Hund’s rule correspond-
ing to 4fn5d16s2 from LPP HF and SPP state-averaged MCSCF calcula-
tions, respectively. The LPP atomization energies are corrected to ac-
count for the coupling between 4fn and 5d1.
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culated with respect to the lowest LS-state according to Hund’s rule (Ce: 1G 15.18,
Yb: 3H 16.16 eV) from the atomization energy calculated with respect to the averaged
energy of all possible LS-states for 4fn5d1 (n=1, 13 for Ce, Yb), namely 35 triplet and
35 singlet microstates (3P,3D, 3F, 3G, 3H, 1P,1D, 1F, 1G, 1H; Ce: 15.88, Yb: 16.41 eV).
In the first case the lowest SPP state-averaged MCSCF energy of CeF3 and YbF3 was
used to calculate the atomization energy, while for the latter case the average of these
energies was taken. Here, the seven molecular energies of CeF3 and YbF3 correspond-
ing to the2F state of 4f1 and 4f13, respectively, are not degenerate due to the ligand
field generated by the fluorine atoms. The energy correctionsfor Ce and Yb are 0.70
and 0.25 eV, respectively, which is in good agreement with the AE WB corrections of
0.68 and 0.31 eV. Therefore the AE WB energy values should be agood approximation
for these corrections.
Since both LPPs and SPPs are only adjusted to reference configurations of neutral
atoms and singly-charged cations [14, 17], the triply-charged cations may not be de-
scribed accurately. To estimate this shortcoming, first theAE WB, LPP HF, and SPP
HF energy differences between the configurations 5s25p65d16s2 and 5s25p6 of the neu-
tral lanthanides and the triply-charged cations, respectively, were calculated [55]. Then
the AE WB energies were subtracted from the LPP and SPP HF energies, respectively,
to obtain the corresponding energy corrections. Although the obtained LPP and SPP
atomization energies∆Ecoupl.+Ln3+ and∆Eat+Ln3+ show a slightly larger m.a.e. and
m.r.e. of 0.24 eV and 1.6%, respectively, the maximum deviation is reduced to 0.36 eV
and 2.3% (cf. Fig. 3.17).
In order to directly compare LPP and SPP energies, ionic binding energies defined as
∆Eion = E(Ln3+) + 3 × E(F−) − E(LnF3) were calculated. As one can see from
Fig. 3.18 the LPP HF ionic binding energies underestimate the SPP values only by
about 0.14 eV (0.3%). The effect of the CPPs grows with increasing nuclear charge,
i.e. the ionic binding energies are increased by 0.12 and 0.86 eV for LaF3 and LuF3,
respectively. Therefore the CPPs reduce the deviations from the SPP data for LaF3–
SmF3 and increase them for EuF3–LuF3. Altogether, the mean deviation from the SPP
results is by ca. 0.2 eV larger than that using pure LPPs, i.e.the m.a.e. (m.r.e.) amounts
to 0.33 (0.7%). This is most likely due to the fact that CPPs include static and dynamic
core-polarization effects, while the SPP state-averaged MCSCF calculations only ac-
count for the former.
Since for LnF3 experimental atomization energies [176,177] are available, for the LPP

CCSD(T) calculations atomization energies were determined. In order to compare the
LPP CCSD(T) atomization energies to the experimental values, the energies have to
be calculated with respect to the experimentally observed ground states. Therefore
for those cases, where the 4fn5d16s2 subconfiguration corresponds to an excited state,
the atomization energies were corrected to account for the experimentally observed
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Figure 3.17: Atomization energies corrected to account for the proper description of
triply-charged ions Ln3+ ∆Ecoupl.+Ln3+ and∆Eat+Ln3+ (in eV) for LnF3

(Ln=La–Lu) with respect to the lowest LS-states according to Hund’s
rule corresponding to 4fn5d16s2 from LPP HF and SPP state-averaged
MCSCF calculations, respectively.
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Figure 3.18: Ionic binding energies∆Eion (in eV) for LnF3 (Ln=La–Lu) from LPP
HF calculations with and without CPPs as well as from SPP state-
averaged MCSCF calculations.
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ground state by subtracting the energy separation taken from experiment [71] (cf. Ta-
ble C.11). This energy difference could also be determined,e.g., at the AE WB [55]
or AE DHF [44] level, whereby electron correlation contributions are neglected (cf.
Tables C.9 and C.10 for AE WB and DHF corrections, respectively).
At the correlated level, the LPP CCSD(T) atomization energies∆Eat deviate on av-
erage by 0.94 (5.4%) and 0.33 eV (1.9%) from the experimentalatomization energies
determined in 1975 [176] and 1981 [177], respectively. The application of CPPs has
a very small effect on the atomization energies, i.e. they are increased by at most
0.11 eV (0.5%). Since in the case of the LPP CCSD(T) calculations the atomization
energies are overestimated, the use of CPPs results in slightly increased deviations,
i.e. the m.a.e. (m.r.e.) amount to 1.01 (5.7%) and 0.39 eV (2.2%) for the experimen-
tal atomization energies from 1975 and 1981, respectively.Former LPP calculations
using (7s6p5d1f)/[5s4p3d1f] basis sets for Ln at the CISD+Qlevel [184] show larger
differences to the experimental data than the LPP CCSD(T) calculations, i.e. the mean
deviations are 1.00 (5.4%) and 1.47 eV (8.5%) for the experimental atomization ener-
gies from 1975 and 1981, respectively. The LPP CCSD(T) atomization energies are on
average by 1.83 eV (10.7%) higher than those of the LPP CISD+Qcalculations. How-
ever, this deviation is not necessarily due to the differentbasis sets for Ln, but probably
results from the fact that in the older work [184] the original f-projector [17] not al-
lowing any 4f participation in bonding was applied. Additional smaller deviations may
result from the different core definitions and basis sets forF or the different molecular
symmetries. Moreover, the size-extensivity of the CCSD(T)approach explains these
results.
Since the experimental data are overestimated by up to 1.97 eV (11.5%), additional
SPP CCSD(T) calculations for LaF3 as well as LuF3 and an AE/DKH CCSD(T) cal-
culation for LuF3 were carried out [52] (cf. Table 3.27). The obtained SPP and AE
atomization energies are larger than the corresponding LPPand LPP+CPP results and
thus overestimate the experimental values even more. The deviations between LPP and
SPP atomization energies are very small, i.e. they amount to0.25 (1.2%) and 0.12 eV
(0.6%) for LaF3 and LuF3, respectively. Compared to the SPP data CPPs show an im-
provement of the pure LPP results, i.e. if CPPs are used, the differences to the SPP data
are reduced to 0.22 (1.1%) and 0.05 eV (0.2%) for LaF3 and LuF3, respectively. Com-
pared to the AE/DKH CCSD(T) atomization energy of LuF3 the LPP and LPP+CPP
CCSD(T) results are clearly too small, i.e. the differencesamount to 0.68 (3.3%) and
0.61 eV (2.9%), respectively. These large deviations are most likely due to the BSSE,
which tends to become larger with increasing number of explicitly treated electrons on
the metal (LPP< SPP< AE).
Taking the BSSE into account via the counterpoise (CP) correction the LaF3 atomiza-
tion energies are reduced from 20.38 to 20.20 and from 20.13 to 19.98 eV for SPP and
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LPP calculations, respectively. In the case of LuF3 these energies are reduced from
20.75 to 19.79, from 20.19 to 19.82, and from 20.07 to 19.81 eVfor AE, SPP, and
LPP calculations, respectively. As expected the BSSE usingLPPs or SPPs are clearly
smaller than that of the AE calculations, which constitutesan advantage compared to
this more rigorous method. For the CP corrected atomizationenergies of LaF3/LuF3

the deviations between LPP and SPP values are reduced to 0.22/0.01 eV (1.1/0.05%),
and the deviation between the LPP and AE value for LuF3 is reduced to 0.02 eV (0.1%).
Compared to the experimental data of LaF3/LuF3 from 1975 [176] the differences of
the CP corrected energies amount to —/+1.36,+0.34/+1.39, and+0.12/+1.38 eV for
AE, SPP, and LPP calculations, respectively.
Two possible reasons, why the experimental values are overestimated, are the ne-
glect of SO effects and of the zero-point energy. The SO splittings for La and Lu
can be taken from experiment [71] and amount to ca. 0.08 and 0.15 eV, respectively.
The zero-point energy is estimated to be 0.13 eV, which corresponds to the value
determined by LPP MP2 calculations for ErF3 and TmF3 [187]. If these correc-
tions are added to the experimental data [176], the atomization energies for LaF3
and LuF3 are 20.07±0.22 and 18.71±0.43 eV, respectively. Compared to these en-
ergies for LaF3/LuF3 the deviations of the CP corrected values amount to —/+1.08,
+0.13/+1.11, and−0.09/+1.10 eV for AE, SPP, and LPP calculations, respectively.
While the computational atomization energies for LaF3 are within the experimental
error bars, those for LuF3 are still by up to 1.11 eV (5.9%) too large. Since the more
rigorous SPP and AE methods are known to be reliable, the uncertainty of the exper-
imental data, for which estimated values had to be used within the thermochemical
cycle, are most likely larger than the assumed 0.43 eV.
In the case of the other lanthanide trifluorides CeF3–YbF3 aside these reasons for the
large discrepancies, the LPP atomization energies are alsosomewhat too large due to
the wrong coupling between 4fn and 5d1 as well as to the bad description of triply-
charged ions (cf. above). If this is taken into account usingthe energy corrections de-
termined at the HF level (∆Ecoupl.+Ln3+ in Table 3.27), the mean deviations compared
to the experimental values from 1975 [176] are slightly reduced from 0.94 (5.4%) to
0.90 eV (5.1%). However, compared to the experiment from 1981 [177] the mean dif-
ferences are increased by more than 50% from 0.33 (1.9%) to 0.84 eV (4.9%). Two
possible reasons for the remaining deviations are the calculation of the energy correc-
tions at the HF instead of the CCSD(T) level and the correction with respect to the
lowest LS-states according to Hund’s rule, which do not always correspond to the low-
est experimentally observed LS-states. The AE WB corrections were calculated for
LS-states according to Hund’s rule, since some LS-states, e.g., 4I of Pr 4f25d1, can-
not be calculated using the program MCHF95 [55], because there is more than one
possibility to couple, e.g., 4f2 and 5d1 to obtain4I.
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Comparison between LnF3 and AnF3 In Fig. 3.19 the LPP+CPP CCSD(T) bond
lengths for LnF3 (Ln=La–Lu) and AnF3 (An=Ac–Lr) are shown. One can see that
both the Ln–F and An–F bond lengths decrease nearly linearlywith increasing nuclear
charge by 0.16 and 0.17 Å, respectively, which is due to the lanthanide/actinide con-
traction. Furthermore, the Ln–F and An–F bond lengths are almost parallel, whereby
the An–F distances are on average 0.05 Å longer because of thebigger atomic radii. In
the case of LnF3, the LPP bond lengths are in good agreement with experiment,where
all lanthanides are found to be trivalent. Since the Ln–F andAn–F bond lengths are
parallel to each other, the LPP results for ThF3 and PaF3 should also be reasonable, if
for these compounds a trivalent oxidation state would be present. Thus, the 5f-in-core
approximation only fails for ThF3 and PaF3 due to the fact that here the assumption of
a trivalent oxidation state is not realized. However, this does not mean that the triva-
lent LPPs for Th and Pa are inaccurate, e.g., in the case of theactinide(III) mono- [20]
and polyhydrates [24], where Th and Pa are in fact trivalent,the LPP results for these
elements are also reliable.
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Figure 3.19: Comparison between M–F (M=Ln, An) bond lengthsRe (in Å) for LnF3

(Ln=La–Lu) and AnF3 (An=Ac–Lr) from LPP+CPP CCSD(T) calcula-
tions. La–Lu and Ac–Lr correspond to 0–14 f electrons.

As one can see from Fig. 3.20 the LPP+CPP CCSD(T) bond angles for AnF3 (An=Ac–
Lr) are obviously smaller than those for LnF3 (Ln=La–Lu) and amount on average to
112.0◦. Thus, for all AnF3 C3v symmetry is found, while in the case of LnF3 for
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the lighter (La–Dy; ten elements) and heavier lanthanides (Ho–Lu; five elements)C3v

andD3h symmetry is obtained, respectively. The reason for the larger F–Ln–F bond
angles is most likely the smaller lanthanide atomic radii, due to which the F atoms
come closer together than for AnF3 and try to avoid each other by increasing the bond
angles. This could also explain why the bond angles become larger with increasing
nuclear charge, because the higher the nuclear charge the smaller the atomic radii.
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Figure 3.20: Comparison between F–M–F (M=Ln, An) bond angles∠ (in deg) for
LnF3 (Ln=La–Lu) and AnF3 (An=Ac–Lr) from LPP+CPP CCSD(T) cal-
culations. La–Lu and Ac–Lr correspond to 0–14 f electrons.

The LPP+CPP CCSD(T) ionic binding energies for LnF3 (Ln=La–Lu) and AnF3 (An=
Ac–Lr) are presented in Fig. 3.21. The ionic binding energies increase with increas-
ing nuclear charge and thus with decreasing bond lengths, i.e. for LaF3/LuF3 and
AcF3/LrF3 the ionic binding energies amount to 45.41/49.80 and 43.91/48.72 eV, re-
spectively. Analogous to the bond lengths the ionic bindingenergies are almost paral-
lel, whereby those of LnF3 are on average by 1.24 eV larger than those of AnF3. This
is most likely due to the smaller Ln–F bond lengths accordingto the increasing energy
with increasing nuclear charge, i.e. the smaller the metal–fluorine distance the higher
the ionic binding energy.
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Figure 3.21: Comparison between ionic binding energies∆Eion (in eV) for LnF3

(Ln=La–Lu) and AnF3 (An=Ac–Lr) from LPP+CPP CCSD(T) calcula-
tions (LnF3 values are given in Table C.13). La–Lu and Ac–Lr corre-
spond to 0–14 f electrons.
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3.3 5f-in-valence Pseudopotential for Uranium

In this Section test calculations for the recently adjustedMCDHF/DCB 5f-in-valence
SPP for uranium and for the corresponding valence basis set will be described. First,
the adjustment of the PP and the optimization of the basis setwill be given [16]. Then
test calculations for the U5+ SO splitting and the U4+ fine-structure spectrum [188]
will be discussed.

3.3.1 Adjustment of the Pseudopotential

The new 5f-in-valence PP corresponding to uranium treats 32valence electrons ex-
plicitly, while the 1s–4f shells (60 electrons) are included in the PP core. The PP
parameters up to f symmetry were adjusted to four-componentAE MCDHF/DCB13

Fermi nucleus reference data [44], which comprised 100 non-relativistic configura-
tions yielding a total of 30190 J levels. The reference data was obtained for U–U7+

and included a wide spectrum of occupations in the 5f, 6d, 7s,and 7p valence shells,
but also additional configurations with holes in the core/semi-core orbitals 5s, 5p, 5d,
6s, and 6p as well as configurations with electrons in the 6f–9f, 7d–9d, 8p–9p, and
8s–9s shells (cf. Table A.11). Since the energetic positionof the bare inner core rel-
ative to valence states is not expected to be notably relevant for chemical processes,
the fit was restricted to the chemically more significant energy differences between
valence states, i.e. a global shift was applied to all reference energies and treated as
an additional parameter to be optimized [47] (cf. Sect. 2.1.6). The weights in (2.31)
were chosen to be equal for all J levels arising from a non-relativistic configuration and
all non-relativistic configurations were assigned to have equal weights. The g-part of
the PP was adjusted to the eight energetically lowest U31+ [Kr]4d104f14ng1 (n=5–12)
configurations. The PP parameters of the two-component formanalogous to (2.25) are
listed in Table A.12. The scalar-relativistic one-component as well as the SO potential
may be derived using (2.28) and (2.29), respectively.
The adjustment of the s-, p-, d-, and f-parts shows mean square errors of 16.1 and
306.3 cm−1 for configurations (cf. Fig. 3.22) and J levels (cf. Fig. 3.23), respectively.
The maximum absolute error amounts to 0.267 eV and is found for the 1218th J level
of U [Rn]5f47s17p1. The g-part can be considered as exact, i.e. the m.a.e. for the eight
configurations amounts to 0.3 cm−1 corresponding to 0.00004 eV.

13The Breit interaction was included perturbatively.
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Figure 3.22: Errors in total valence energies (in eV) of 100 non-relativistic configura-
tions for the MCDHF/DCB SPP for uranium [188]. The configurations
U5+ 5f1 and U4+ 5f2 considered in the test calculations (cf. Sect. 3.3.3)
are marked by filled diamonds.

3.3.2 Optimization of the Valence Basis set

The basis set optimization comprised four steps [16]. First, (14s11p8d8f) primitive
Gaussians were HF energy-optimized [57] for the U [Rn]5f47s2 5I state. Secondly, two
diffuse d and p functions were HF energy-optimized [57] for U[Rn]5f36d17s2 5L and U
[Rn]5f37s27p1 5K, respectively. Thirdly, the atomic natural orbital (ANO) contraction
coefficients for the resulting (14s13p10d8f)/[6s6p5d4f] set were obtained from aver-
aged density matrices for the lowest LS-states of U [Rn]5f36d17s2 and U [Rn]5f47s2

[52]. In the case of U [Rn]5f47s2 it was possible to perform a CASSCF calculation
with a subsequent MRCI calculation (5s, 5p, and 5d shells were frozen), whereas U
[Rn]5f36d17s2 could only be treated at the CASSCF level. Finally, six g exponents
were chosen identically to the six largest f exponents and a generalized ANO contrac-
tion was derived for U [Rn]5f47s2 yielding the final (14s13p10d8f6g)/[6s6p5d4f3g] set
of roughly pVQZ quality. The basis set parameters are compiled in Table B.12.
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3.3.3 Atomic Test Calculations on U5+ and U4+

In order to further test the MCDHF/DCB SPP for uranium, it wasapplied to calculate
the SO splitting of U5+ (5f1 subconfiguration) and the fine-structure spectrum of U4+

(5f2 subconfiguration) [188] using a two-step CI approach identical to that used by
Danilo et al. [189], i.e. a dressed effective Hamiltonian relativistic spin–orbit config-
uration interaction (SO-CI) scheme. These benchmark systems were chosen, because
experimental [190–192] as well as computational [189, 193–196] reference data are
available.
The study covers only 2% of the configurations and 0.04% of theJ levels of the refer-
ence data used in the PP adjustment, and thus the applied PP isby no means tuned to
describe these cases especially well. Figures 3.22 and 3.23summarize the accuracy of
the fit for the 100 configurations and 30190 J levels, respectively. The data for the U5+

5f1 and U4+ 5f2 configurations considered here are marked specifically in these plots.
It is obvious that the PP fit was not more accurate for these twocases than for the other
configurations used in the reference data. Thus, the qualityof the results obtained here
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should be representative of what could be obtained for otherconfigurations, provided
such large-scale calculations as presented here for U5+ 5f1 and U4+ 5f2 become gen-
erally feasible.
Electron correlation will be treated using the MRCI method with and without the
Davidson size-extensivity correction (DaC) and with different frozen-orbital spaces.
The best choice of the SO-CI configuration space is investigated in the case of the U5+

SO splitting. In addition results of intermediate Hamiltonian Fock-space coupled clus-
ter (IH-FSCC) PP calculations using the approach of Kaldor and coworkers [197,198]
will be reported.

3.3.3.1 Computational Details

U5+ has only one 5f electron with a SO free2F ground state. Since at the SO free
level of the calculation only one reference state is present, dynamic correlation can-
not be included via an effective Hamiltonian dressing procedure. The orbital basis
was obtained from a CASSCF calculation using the MCDHF/DCB PP and the corre-
sponding (14s13p10d8f6g)/[6s6p5d4f3g] basis set on2F in MOLCAS [199] and the
SO splitting between the2F5/2 ground and the2F7/2 excited state was calculated at the
MCDHF/DCB PP SO-CI level using the EPCISO program [200]. In order to deter-
mine the best choice of the SO-CI configuration space, five different calculations were
performed: diagonalizing the reference only (no single excitations, No S), adding sin-
gle excitations from the 5f orbitals (S-f), adding single excitations from the 5d and 5f
orbitals (S-df), adding single excitations from the 6p and 5f orbitals (S-pf), and includ-
ing all single excitations from the 6p, 5d, and 5f orbitals (S-pdf). Note that for an atom
single excitations from s shells do not contribute.
All possible LS-states of U4+ (5f2 subconfiguration) were calculated at the state-
averaged CASSCF/MRCI level [52] with and without DaC using the MCDHF/DCB
PP and the corresponding (14s13p10d8f6g)/[6s6p5d4f3g] basis set (1G, 1D, 1I, 1S,
3H, 3F, 3P). As comparison the same calculations were also performed using the old
5f-in-valence WB PP [15] and its corresponding (14s13p10d8f6g)/[6s6p5d4f3g] basis
set [21]. Two different kinds of frozen-orbital spaces wereused, i.e. while the 6s and
6p orbitals were always correlated, the 5s, 5p, and 5d orbitals were either frozen or
correlated.
In the SO-CI calculation [200] of U4+ all 91 determinants generated by distributing
two electrons in the 5f shell were included. The orbital basis was obtained from a
MCDHF/DCB PP CASSCF calculation [199] on the triplet statesof U4+, where the or-
bitals were simultaneously optimized for all states. The (14s13p10d8f6g)/[6s6p5d4f3g]
basis set corresponding to the PP was used and as configuration space the reference
including all single excitations from the 6p, 5d, and 5f orbitals (S-pdf) was chosen,
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because it gave the best results for the U5+ SO splitting (cf. Sect. 3.3.3.2). The lack-
ing dynamic correlation was included via a dressed effective Hamiltonian approach
defined by the projection of the correlated SO free PP CASSCF/MRCI energies onto
the SO-CI space [200, 201]. SO integrals were calculated with the semi-local rela-
tivistic effective SO operators corresponding to the MCDHF/DCB PP. As compari-
son analogous calculations were carried out using the old WBPP [15] and its cor-
responding effective SO operators designed for variational calculations [21] and the
(14s13p10d8f6g)/[6s6p5d4f3g] basis set [21].
In addition to the SO-CI calculations IH-FSCC PP calculations using the approach of
Kaldor and coworkers at the AE DHF/DCB level [193,196–198] were performed. The
basis set ranged from the (14s13p10d8f6g)/[6s6p5d4f3g] standard basis set to subsets
of a (16s15p12d10f8g7h7i) uncontracted set obtained from the former primitive set by
adding diffuse and higher angular momentum functions. The addition of further s to i
functions to this set changes the fine-structure splittingsof U5+ and U4+ by less than
1 cm−1. All explicitly treated electrons were correlated and excitations in all virtual or-
bitals were allowed. The primary model space consisted of the 5f, 6d, and 7s orbitals,
whereas the intermediate model space comprised the 6f–8f, 7d–9d, 8s–10s, 7p–10p,
5g–6g orbitals, i.e. all orbitals with negative energy for the standard contracted basis
set in the U6+ reference system were included in the model spaces. Although larger
intermediate spaces were not feasible due to the current hardware, almost identical re-
sults are obtained for an intermediate space reduced by one orbital for s to g symmetry,
i.e. the U5+ and U4+ fine-structure splittings show mean average deviations of 1and
10 cm−1, respectively. Thus, the results presented here should notchange significantly
upon further increasing the intermediate space.

3.3.3.2 U5+ Spin–orbit Splitting

The SO splittings from SO-CI calculations with different definitions of the configura-
tion space and IH-FSCC calculations with different basis sets using the MCDHF/DCB
PP are listed in Table 3.28. In accordance with Hund’s rules the ground state of U5+

is 2F5/2. The experimental excitation energy for the2F5/2 to 2F7/2 excitation or the
experimental SO splitting amounts to 7609 cm−1 [190]. The up to now best theoretical
value is 7598 cm−1 and deviates only by−11 cm−1 from the experiment. It was cal-
culated by Infante et al. [193] using an AE DCB extrapolated IH-FSCC (XIH-FSCC)
method [202].
AE/DKH SO-CI calculations by Danilo et al. [189] using the AMFI (atomic mean-
field integral) code [203] implemented in MOLCAS [199] to determine the SO inte-
grals are also available for comparison. Analogous to theseSO-CI calculations five
different configuration spaces were used, in order to find outthe best choice, i.e. no
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single excitations (No S), single excitations from 5f (S-f), single excitations from 6p
and 5f (S-pf), single excitations from 5d and 5f (S-df), and single excitations from
6p, 5d, and 5f (S-pdf). For all configuration spaces the PP results are in a range of
105–194 cm−1 smaller than the AE/DKH results. However, these deviationsare not
only due to the PP approach, but are also connected with the different basis sets (AE
(26s23p17d13f5g)/[10s9p7d5f3g], PP (14s13p10d8f6g)/[6s6p5d4f3g]) and relativistic
treatments (AE/DKH, PP DCB). Although both basis sets are ofpVQZ quality, the AE
set is based on CASPT2 ANOs and the PP set on CASSCF/MRCI ANOs.At the AE
MCDHF level, using a Fermi nucleus, the results for the DC andDCB Hamiltonians
are 7394 and 7083 cm−1, respectively [44]. The energy difference of 311 cm−1 ex-
plains in part why also at the correlated level the PP results(modeling DCB) are lower
than the DKH results (modeling DC). However, one also has to take into account that
in the PP fit the total valence energy of2F5/2 is by 23 cm−1 too low, whereas the one of
2F7/2 is by 50 cm−1 too high, resulting in an overestimation of the splitting by73 cm−1

at this level of theory. The sum of these counteracting contributions suggests that the
PP DCB splitting has to be by about 200 cm−1 lower than the AE/DKH value.
In accordance with the AE/DKH calculations [189] the smallest errors with respect to

the experimental value occur using either no single excitations or including all single
excitations from the doubly occupied orbitals in the near valence region, i.e. from 6p,
5d, and 5f (error: No S 219, S-pdf 183 cm−1 (2.4%)). Due to the implicit inclusion
of the Breit interaction the PP results deviate even slightly less from the experimental
value than the AE/DKH results (error: No S 413, S-pdf 297 cm−1 (3.9%)). On the
basis of these findings the S-pdf configuration space was usedto calculate the U4+

fine-structure spectrum.
The best PP results were obtained with the IH-FSCC approach of Kaldor and cowork-
ers [197,198], i.e. splittings of 7609 and 7611 cm−1 for the standard (14s13p10d8f6g)/
[6s6p5d4f3g] and a (16s15p12d10f8g7h7i) uncontracted basis set, respectively. These
excellent results are certainly somehow fortuitous, sincethe mean square error of the
PP fit to the AE MCDHF/DCB reference data is 306 cm−1 for 30190 J levels arising
from 100 configurations of U to U7+. On the other hand the number is quite stable with
respect to changes of the basis set, i.e. one obtains 7575 and7597 cm−1 for the un-
contracted subsets of (16s15p12d10f8g7h7i) containing only up to g and h functions,
respectively.
Finally, results obtained with the older WB PP [15] should bediscussed. For this PP
two valence SO-terms acting on 5f, 6d, 7p, and higher orbitals of these angular mo-
menta were published [21], i.e. one for use in first-order perturbation theory, the other
one for use in valence variational or large-scale valence SO-CI calculations. At the
variational and perturbative finite-difference level [44]these operators lead for U5+ to
SO splittings of 6379 and 6590 cm−1, respectively. Using the variational operator the
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Table 3.28:SO splittings∆E(SO) (in cm−1) of the 2F ground state of U5+ from
SO-CI calculations using the MCDHF/DCB PP and the AE/DKH+AMFI
method [189] as well as from MCDHF/DCB PP IH-FSCC calculations in
comparison to experimental data [190] and AE DCB XIH-FSCC [193] re-
sults.∆(exp) are deviations of the theoretical values from the experimen-
tal result and∆(AE/PP) are deviations between the AE DCB XIH-FSCC
or AE/DKH and MCDHF/DCB PP results.

Methoda ∆E(SO) ∆(AE/PP) ∆(exp)
Exp. 7609
DCB XIH-FSCC 7598 −11
DCB PP IH-FSCC spdfghi 7611

13
2

DCB PP IH-FSCC std. 7609 0
DCB PP No S 7828 219
AE/DKH No S 8022

194
413

DCB PP S-f 7868 259
AE/DKH S-f 8048

180
439

DCB PP S-pf 8407 798
AE/DKH S-pf 8596

189
987

DCB PP S-df 7213 −396
AE/DKH S-df 7318

105
−291

DCB PP S-pdf 7792 183
AE/DKH S-pdf 7906

114
297

Basis sets: PP std.: (14s13p10d8f6g)/[6s6p5d4f3g], spdfghi: (16s15p12d10f8g7h7i);
AE/DKH (26s23p17d13f5g)/[10s9p7d5f3g]; AE DCB XIH-FSCC (37s32p24d21f12g10h9i).
aDifferent definitions of the configuration space: diagonalization of the reference only (No S), adding
single excitations from 5f (S-f), adding single excitations from 5d and 5f (S-df), adding single
excitations from 6p and 5f (S-pf), and including all single excitations from 6p, 5d, and 5f (S-pdf).

valence SO-CI (S-f) leads to a value of 6374 cm−1, demonstrating that the orbital re-
laxation under the SO-term is very well recovered by the single excitations. However,
compared to the experimental value of 7609 cm−1 these SO splittings are by about
15% too small. The reason for this are missing correlation contributions in the SO-CI
(S-f) and probably frozen-core errors. Note that these SO-terms, as the WB PP itself,
were adjusted to U and U+ to reproduce MCDHF splittings arising from the 5f, 6d,
and 7p shells and only configurations with a 5f occupation of two to four were consid-
ered. For U5+ a SO splitting of 7083 cm−1 is obtained at the AE MCDHF/DCB Fermi
nucleus level, i.e. a value by 526 cm−1 smaller than the experimental value results
from neglecting electron correlation effects. In contrastto this the new MCDHF/DCB
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PP tested here was adjusted also to U5+ and allows a variational or large-scale SO-CI
treatment for all orbitals treated explicitly, thus explaining the better results.

3.3.3.3 U4+ Fine-structure Spectrum

In this Section first the SO free correlated energies using the new MCDHF/DCB PP
for U4+ with 5f2 valence subconfiguration will be discussed in comparison toWB PP
and AE/DKH [189] calculations (cf. Table 3.29). Next the SO effect will be taken into
account and the results will be compared to WB PP calculations as well as to exper-
imental [191, 192] and computational [189, 193–195] data from the literature (cf. Ta-
bles 3.30 and 3.31).

Spin–orbit Free Calculations At the SO free level the ground state of U4+ with 5f2

valence subconfiguration is3H as expected by Hund’s rules. The MCDHF/DCB PP
MRCI method with and without size-extensivity correction (DaC) was used in con-
nection with different frozen-orbital spaces, i.e. 5s, 5p,and 5d were either frozen or
correlated. First, the effect of the DaC and then that of the frozen-orbital space each
with respect to the AE/DKH calculations [189] will be discussed. Finally, the new
MCDHF/DCB PP will be compared to the old WB PP.
The MRCI method yields always higher energy levels than the MRCI+DaC method.
Especially the1S state is influenced by the size-extensivity correction, i.e. it is low-
ered by 2112 and 3080 cm−1 for 5s, 5p, and 5d frozen and correlated, respectively. For
the other states the deviations are smaller than 1900 cm−1. Compared to the AE/DKH
data the calculation at the MRCI+DaC level shows better agreement, i.e. if 5s, 5p,
and 5d are correlated, the m.a.e. for all energy levels amount to 283 and 179 cm−1 for
MRCI and MRCI+DaC, respectively. Here, the definition of them.a.e. from Danilo
et al. [189] and Infante et al. [193] was used, i.e. the sum of the absolute deviations
between the PP and AE/DKH energies was divided by the number,namely six, of ex-
cited levels. However, one should rather use the term mean absolute deviation (m.a.d.)
instead of m.a.e., since in contrast to the new PP the AE/DKH calculations do not in-
clude the Breit interaction and therefore the differences do not only result from the PP
approach.
The different frozen-orbital spaces influence the energy levels by at most 1862 cm−1.
At the MRCI level the1S state is shifted the most (1862 cm−1), while at the MRCI+DaC
level the1I as well as the1S states are displaced by similar amounts, but in different
directions, i.e. the1I state is lowered by 994 cm−1 and the1S state is increased by
894 cm−1, respectively. At the MRCI+DaC level the PP results with 5s,5p, and 5d
correlated agree much better with the AE/DKH results (m.a.d. 179 cm−1) than with
5s, 5p, and 5d frozen (m.a.d. 520 cm−1). However, while in the latter case the AE and
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Table 3.29:Energy levels with respect to the lowest energy level3H (in cm−1) of U4+ with 5f2 valence subconfiguration computed
at the SO free level using the MCDHF/DCB PP in MRCI calculations with and without DaC and two different frozen-
orbital spaces, i.e. 5s, 5p, and 5d either (1) frozen or (2) correlated. As comparison WB PP MRCI+DaC as well as
AE/DKH MRCI(+DaC) results [189] and mean absolute deviations (m.a.d.) between the AE/DKH and the PP data
are given.

MRCI MRCI+DaC
(1) (2) (1) (2)

State DCBa DCBa AEb DCBa WBc AE DCBa WBc AEb

3H 0 0 0 0 0 0 0 0 0
3F 3319 3488 3441 3050 3149 2887 3078 3151 3040
1G 4971 5407 5173 4828 4970 4728 5227 5372 4994
1D 12296 12727 12260 11355 11693 10806 11312 11611 11260
3P 16204 16480 16325 14941 15341 14256 14588 14946 14495
1I 17550 17013 16713 16953 17440 16296 15959 16380 15762
1S 38458 40320 39822 36346 37430 35383 37240 38297 36780
m.a.d. 283 520 944 179 571

Basis sets: PP (14s13p10d8f6g)/[6s6p5d4f3g]; AE (26s23p17d13f5g)/[10s9p7d5f3g].
aMCDHF/DCB PP calculations.
b1s–5p orbitals were frozen.
cWB PP calculations.
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PP correlation spaces are exactly the same, they differ by frozen 5s and 5p shells at
the AE level in the former case. The PP results obtained with 5s and 5p frozen exhibit
a m.a.d. of 514 cm−1 to the corresponding AE values. For the PP SO-CI calculations
reported below only the term energies with either 5s, 5p, and5d frozen or correlated
were considered.
If the old WB PP is used, the energy levels are always higher than those using the new
MCDHF/DCB PP, whereby the increase grows from the3F to1S state, where it reaches
more than 1000 cm−1. Since the new PP already overestimates the AE/DKH energy
levels, the m.a.d. are clearly larger using the old WB instead of the new MCDHF/DCB
PP, i.e. the m.a.d. at the MRCI+DaC level using the new/old PPamount to 520/944
and 179/571 cm−1 for 5s, 5p, and 5d frozen and correlated, respectively.

Spin–orbit Calculations Table 3.30 shows the results for U4+ obtained at the SO-CI
level by dressing the effective Hamiltonian matrix with MRCI(+DaC) correlated ener-
gies for the LS-states calculated using both the new MCDHF/DCB and old WB PP and
two different frozen-orbital spaces. For comparison results of corresponding AE/DKH
MRCI+DaC dressed effective Hamiltonian SO-CI calculations by Danilo et al. [189]
are listed. The values included here are not the best resultsfrom this work (cf. Table
3.31), but merely those for which the correlation space fits best to the listed PP calcu-
lations. The second column of Table 3.30 presents information on the main SO free
states contributing to each SO-state. The weights were obtained from a MCDHF/DCB
PP calculation with a MRCI+DaC (no frozen orbitals) dressing of the effective SO
Hamiltonian. Additionally, m.a.e. with respect to the experimental data [191, 192]
(cf. Table 3.31) are given, which were calculated analogousto Danilo et al. [189] and
Infante et al. [193], i.e. the sum of the absolute deviationsbetween the calculated and
experimental energy levels was divided by the number, namely 12, of excited levels.
Analogous to the SO free calculations, first the effect of thesize-extensivity correction
(DaC) and then the difference between the two frozen-orbital spaces will be discussed.
Next the results using the new MCDHF/DCB PP will be compared to those using the
old WB PP as well as to AE/DKH calculations [189]. Finally, a comparison with other
theoretical works [193–195] will be given (cf. Table 3.31).
As for the SO free calculations the MRCI method yields higherenergy levels than the
MRCI+DaC method except for the3H5 state, which is slightly increased by 15 and
18 cm−1 for 5s, 5p, and 5d frozen and correlated, respectively, if the DaC is applied.
Since the experimental energy levels are already overestimated by the MRCI+DaC
results, the neglect of the size-extensivity correction leads to clearly increased devia-
tions, i.e. the m.a.e. amount to 1689/1043 and 1929/948 cm−1 for MRCI/MRCI+DaC
calculations with 5s, 5p, and 5d frozen and correlated, respectively. Except for the3H5
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Table 3.30:Energy levels with respect to the lowest energy level3H4 (in cm−1) and m.a.e. with respect to experimental [191,192]

data (cf. Table 3.31) of U4+ with 5f2 valence subconfiguration. The SO free correlated energies obtained at the
MRCI(+DaC) level using both the MCDHF/DCB PP and the WB PP with different frozen-orbital spaces, i.e. 5s,
5p, and 5d either (1) frozen or (2) correlated, were used to dress the SO-CI matrix. As comparison AE/DKH+AMFI
MRCI+DaC data [189] are given. Changes in the ordering of states are listed in italics.

MRCI MRCI+DaC
DCBa (1) (2)

J Weight of LS-stateb (1) (2) DCBa WBc AE DCBa WBc AEd

4 85%3H+9%1G 0 0 0 0 0 0 0 0
2 83%3F+11%1D 4919 5066 4605 4508 4404 4585 4470 4559
5 95%3H 6150 6110 6165 5087 6406 6128 5055 6379
3 95%3F 9544 9664 9305 8290 9371 9295 8261 9490
4 47%3F+40%1G 9790 10011 9624 8665 9729 9765 8798 9883
6 91%3H 11685 11628 11681 9797 12054 11609 9742 12005
2 54%1D+31%3P+10%3F 18710 19011 17803 16983 17434 17640 16795 17740
4 47%3F+46%1G 17029 17262 16851 14768 17192 17006 14932 17358
0 89%3P 20104 20409 18873 18657 18157 18573 18298 18431
1 95%3P 22695 22916 21513 20677 21009 21142 20263 21210
6 91%1I 25265 24734 24733 23749 24395 23792 22716 23882
2 63%3P+30%1D 27250 27512 26172 24392 25969 25899 24066 26234
0 89%1S 47970 49613 46031 45066 45367 46772 45820 46602

m.a.e. 1689 1929 1043 1046 887 948 952 1078

Basis sets: PP (14s13p10d8f6g)/[6s6p5d4f3g]; AE (26s23p17d13f5g)/[10s9p7d5f3g].
aMCDHF/DCB PP calculation.
bOnly weights from the MCDHF/DCB PP MRCI+DaC calculation with no frozen orbitals larger than 8% are given.
cWB PP calculation.
d1s–5p orbitals were frozen.
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state all energy levels come closer to experiment and the largest improvement by 1939
(5s5p5d frozen) and 2841 cm−1 (5s5p5d correlated) is observed for the1S0 state. Thus,
the size-extensivity correction gives a clear improvementof the results. Therefore the
following discussions will be restricted to the MRCI+DaC method.
At the MRCI+DaC level the correlation of the 5s, 5p, and 5d orbitals leads to an im-
provement of the results, i.e. the m.a.e. decreases from 1043 to 948 cm−1. This is due
to the fact that the energy levels are lowered, if no orbitalsare frozen, except for the
two (3F,1G)4 states and the1S0 state, where the energy levels are increased by 141, 155,
and 741 cm−1, respectively. The largest improvement due to the increased correlation
space is obtained for the1I6 state and amounts to 941 cm−1.
Compared to the old WB PP the new MCDHF/DCB PP seems not to improve the re-
sults, i.e. the m.a.e. differ by at most 4 cm−1. However, this is most likely due to
an error cancelation at the WB PP level, because the relativistic approach is more ac-
curate for the new PP. The WB PP energy levels are always lowerthan those of the
MCDHF/DCB PP and the maximum deviations are found for the higher (3F,1G)4 state
and amount to 2083 and 2074 cm−1 for 5s, 5p, and 5d frozen and correlated, respec-
tively. While the new PP always overestimates the experimental energy levels, they
are both over- and underestimated by the old PP. Thus, the newPP seems at least to be
more systematic in its deviations.
Analogous to the MCDHF/DCB PP the AE/DKH calculations always overestimate the
experimental energy levels. If the 5s, 5p, and 5d orbitals are frozen, the PP energy lev-
els are mainly larger than those of the AE/DKH calculations,and thus the m.a.e. is
by 156 cm−1 larger than that of the AE/DKH values. If the 5s, 5p, and 5d orbitals are
correlated, the PP energy levels are mainly lower than thoseof the AE/DKH calcula-
tions, and thus the m.a.e. of 948 cm−1 (5.1%) is by 130 cm−1 lower than that of the
AE/DKH values, i.e. m.a.e. 1078 cm−1 (6.3%). However, the better agreement with
the experimental data for 5s, 5p, and 5d correlated is probably due to the fact that in the
AE/DKH calculation the 5s and 5p orbitals were frozen (cf. above). For both PP and
AE/DKH calculations the largest deviations occur for the1S0 and1I6 states, whereby
for the smaller correlation space the1I6 and for the larger one the1S0 state shows the
larger deviation (5s5p5d frozen: PP:1I6 2457,1S0 2417; AE/DKH:1I6 2119,1S0 1753;
5s5p5d correlated: PP:1S0 3158,1I6 1516; AE/DKH:1S0 2988,1I6 1606 cm−1).
Table 3.31 summarizes the best PP results and compares them to selected computa-
tional ab initio data from the literature [189,193,195]. Asmentioned above the m.a.e.
with respect to the experiment of both PPs are almost the same, i.e. they amount to
948 (5.1%) and 952 cm−1 (7.2%) for the new and old PP, respectively. Thus, only the
best results for the new PP from Table 3.30 are repeated for convenience.
The best calculations available so far for the fine-structure of the U4+ spectrum are the
AE four-component calculations using the DCB Hamiltonian at the multi-configuration
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Table 3.31:Comparison of the best MCDHF/DCB PP results to other computational [189, 193, 195] and experimental [191, 192]

data for the energy levels with respect to the lowest energy level 3H4 of U4+ with 5f2 valence subconfiguration (in
cm−1). Additionally, m.a.e. with respect to experimental data and m.a.d. with respect to AE DCB XIH-FSCC data
are given. Changes in the ordering of states are marked in italics.

DCB PPa DCB PPb DCB PPc DCB PPd AE/DKHe AE DCBf AE DCBg

J SO-CI SO-CI IH-FSCC IH-FSCC SO-CI MCDF+CI XIH-FSCC Exp.
4 0 0 0 0 0 0 0 0
2 4585 4406 3959 4233 4501 3844 4202 4161
5 6128 6162 5902 5890 6392 6012 6070 6137
3 9295 9191 8612 8825 9455 8624 8974 8984
4 9765 9583 9196 9264 9819 9278 9404 9434
6 11609 11608 11178 11144 12010 11116 11420 11514
2 17640 17195 15998 16601 17531 15816 16554 16465
4 17006 16807 16181 16221 17289 15853 16630 16656
0 18573 18532 17025 17960 18170 16199 17837 17128
1 21142 21112 19529 20420 20960 18942 20441 19819
6 23792 23065 22594 22441 23744 22131 22534 22276
2 25899 25659 24042 24799 25998 23379 24991 24653
0 46772 46583 43783 45329 46189 43847 45611 43614
m.a.e. 948 755 318 420 935 522 357 0
m.a.d. 628 436 567 162 616 802 0 357

aMCDHF/DCB PP, MRCI+DaC + SO-CI, no frozen orbitals, (14s13p10d8f6g)/[6s6p5d4f3g] basis set.
bMCDHF/DCB PP, IH-FSCC + SO-CI, no frozen orbitals, (14s13p10d8f6g)/[6s6p5d4f3g] basis set, LS-state energies from PPIH-FSCC using a
(16s15p12d10f8g7h7i) basis set.
cMCDHF/DCB PP, IH-FSCC, no frozen orbitals, (14s10p11d9f3g)/[6s5p5d4f1g] basis set.
dMCDHF/DCB PP, IH-FSCC, no frozen orbitals, (16s15p12d10f8g7h7i) basis set.
eAE DKH MRCI+DaC + AMFI SO-CI, 1s–5p frozen, 5f–6d active, (26s23p17d13f5g)/[10s9p7d5f3g] basis set [189].
f AE DCB MCDF-CI+DaC, (1s1p2d3f3g2h1i) spinors to describe the virtual space [195].
gAE DCB XIH-FSCC, (37s32p24d21f12g10h9i) basis set [193].
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Dirac–Fock configuration interaction with Davidson correction (MCDF-CI+DaC) level
[195] as well as at the XIH-FSCC level [193]. Both calculations yield the experimental
ordering of the energy levels and show m.a.e. clearly below 1000 cm−1, i.e. the m.a.e.
amount to 522 (3.6%) and 357 cm−1 (1.5%) for the MCDF-CI+DaC and XIH-FSCC
calculations, respectively. Therefore these calculations, especially FSCC, are useful as
benchmark data, because they indicate the highest currently accessible accuracy for ab
initio approaches in a theoretical spectrum for U4+.
Even if the discrepancies between the AE four-component values and the PP SO-CI re-
sults are quite large, one should keep in mind the limitations of the AE four-component
methods, i.e. the current implementation of the MCDF-CI canonly be applied to atoms
and the FSCC calculations to systems with at most two holes and/or electrons outside
the reference closed-shell system [189]. The scope of the PPas well as the dressed
effective Hamiltonian SO-CI starting from states obtainedby correlated calculations
within the Russell–Saunders scheme is much larger and both achieve a rather good
agreement with the experimental values at a relatively low computational cost despite
the strong SO coupling.
In order to separate the errors originating from the PP valence-only model Hamiltonian
from those due to deficiencies of the one- and many-particle basis sets, the atomic DHF
and FSCC suite of programs by Kaldor, Ishikawa, and coworkers [197, 198] was ap-
plied as well. The IH-FSCC results for the MCDHF/DCB PP are inquite satisfactory
agreement with experimental data. Using the standard (14s13p10d8f6g)/[6s6p5d4f3g]
basis set a m.a.e. (m.r.e.) with respect to experimental data of only 318 cm−1 (2.5%)
is obtained, whereas the m.a.d. from the AE DCB XIH-FSCC results of Infante et
al. [193] is 567 cm−1. The corresponding results for the (16s15p12d10f8g7h7i) basis
set are 420 (2.3%) and 162 cm−1, respectively. Using subsets of the uncontracted basis
set containing up to g and h functions, m.a.d. values with respect to the AE results of
Infante of 432 and 204 cm−1, respectively, are obtained.
Electron correlation effects are especially large for the1S0 state, which is calculated to
be 673, 1430, and 1715 cm−1 above the experimental value of 43614 cm−1 for subsets
of the uncontracted basis set containing up to g, h, and i functions, respectively. Al-
though the errors with respect to experiment increase upon improving the correlation
treatment, the result for the full basis set deviates by only282 cm−1 from the AE DCB
XIH-FSCC value 45611 cm−1. A basis set extrapolation with respect to 1/l3, l being
the highest angular quantum number present in the basis set,yields a value 2172 cm−1

above the experimental value. If it is taken into account that in the PP fit the1S0

state already is too high by 1144 cm−1 (cf. Fig. 3.23), the accordingly corrected es-
timate would be a term energy of 44642 cm−1, i.e. the overestimation arising from
the FSCC treatment could amount to about 1000 cm−1. On the other hand it is fair to
note that the1S0 state was originally not observed by Wyart et al. and its termenergy
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has been semiempirically estimated to be 45812 cm−1 [191]. A refined estimate by
Goldschmidt placed it at 45154 cm−1 [204]. Finally, van Deurzen et al. applied in
their model Hamiltonian aγ parameter taken from the fitting of the spectra of trivalent
actinides in crystals and estimated a value of 43480 cm−1 [192]. On the basis of this
value three lines in the emission spectrum were interpretedas transitions from3D1,
3P1, and1P1 of 5f16d1 to 1S0 of 5f2 and, applying the term energies of 5f16d1 by Wyart
et al. [191], the term energy of1S0 has been determined to be 43614 cm−1 [192]. More
rigorous ab initio calculations than the ones reported hereand in the literature so far
are needed to clarify the situation.
Despite the smooth convergence of the PP results towards theAE results the ordering
of the (3F,1G)4 and (1D,3P)2 levels near 16500 cm−1 is not reproduced correctly at the
PP level with uncontracted basis sets, in contrast to the AE results. A notable excep-
tion is the standard contracted basis set, where the correctordering of the states and the
smallest error for the1S0 state is obtained. At the AE finite-difference MCDHF/DCB
Fermi nucleus level (1D,3P)2 is 5263 cm−1 above (3F,1G)4 [44], whereas experimen-
tally it is 191 cm−1 below. Thus, the calculations have to recover accurately quite
differential correlation contributions. Otherwise the contributions to the fine-structure
are quite accurately folded in the effective one-electron SO-term, which yields stable
results already for comparatively small basis sets.
Deviations of a few hundred wavenumbers from experimental and highly accurate AE
data have to be expected due to the accuracy of the PP adjustment. Thus, it is clear
that an even better agreement with experimental data than obtained in the rigorous
AE calculations is to a certain extent fortuitous. The question why the two-step SO-
CI calculations exhibit larger errors was investigated by applying energies from IH-
FSCC calculations using the scalar-relativistic part of the MCDHF/DCB PP and the
(16s15p12d10f8g7h7i) basis set as diagonal elements in theSO-CI matrix, which was
built using the standard basis set. The SO-CI and FSCC term energies up to 15000,
between 15000 and 30000, and above 30000 cm−1 agree with a m.a.d. of 420, 1167,
2800 cm−1, respectively, if the standard basis set is applied in the FSCC. Correspond-
ing m.a.d. of 319, 655, and 1254 cm−1 are obtained with respect to FSCC results
calculated with the (16s15p12d10f8g7h7i) basis set. The m.a.e. (m.r.e.) for all levels
listed in Table 3.31 with respect to experimental data is reduced from 948 (5.1%) to
755 cm−1 (3.8%), i.e. about 40% of the remaining error comes from the energies of
the LS-states, whereas about 60% might be caused by insufficient orbital relaxation
under the SO-term.
Barandiarán and Seijo [194] also performed a two-step method, where they used a
CASPT2 calculation applying a WB ab initio model potential (1s–5d in core) to dress
the SO-CI matrix. Their best results agree even better with the experiment than the AE
four-component methods, i.e. the m.a.e. amounts to only 180cm−1 (1.4%). However
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Table 3.32: Ionization potentials IP5 and IP6 (in cm−1) from MCDHF/DCB PP IH-
FSCC calculations in comparison to corresponding AE DHF/DCB XIH-
FSCC [193] results.

Method IP5 ∆IP5 IP6 ∆IP6

DCB XIH-FSCCa 381074 0 508183 0
DCB PP std.b 381617 543 507904 −279
DCB PP spdfc 367431 −13643 491960 −16223
DCB PP spdfgc 378377 −2697 504299 −3884
DCB PP spdfghc 381118 44 507170 −1013
DCB PP spdfghic 382297 1223 508451 268
DCB PP ext.c 383960 510195

aAE DCB XIH-FSCC (37s32p24d21f12g10h9i).
b(14s13p10d8f6g)/[6s6p5d4f3g] standard PP basis set.
cspdf ... spdfghi denotes a subset of a (16s15p12d10f8g7h7i)basis set; ext. denotes extrapolated values
based on results obtained with the spdfg, spdfgh, and spdfghi basis sets.

the reason for this very good agreement is, at least in part, due to parameter fitting, i.e.
a scaling factor of 0.9 was applied to the WB SO operator and the 3P and1I states were
shifted downward by 1000 cm−1. It is noteworthy that without these corrections the
m.a.e. is much larger (1284 cm−1 (8.3%)), whereas the ordering of the states is entirely
correct with (1D,3P)2 being about 327 cm−1 below (3F,1G)4 (experiment 191 cm−1).

Ionization Potentials The fifth and sixth IP of U are obtained as a byproduct of the
IH-FSCC calculations. The corresponding results are listed in Table 3.32. The values
obtained with the contracted standard basis set deviate by only 543 and−279 cm−1

from the best corresponding AE data published by Infante et al. [193]. Using the
uncontracted basis set and monitoring the behavior with respect to the highest angu-
lar momentum quantum number in the basis set one finds a systematic convergence,
although the deviations from the AE values tend to become somewhat larger. Extra-
polating the PP results linearly for the largest three basissets with respect to 1/l3, with
l being the highest angular momentum quantum number present in the basis set, values
of 383960 and 510195 cm−1 are obtained for IP5 and IP6, respectively. The correlation
coefficients deviate from the ideal value of−1 only by2× 10−5 and2× 10−6, respec-
tively. The extrapolated PP values are by 0.75 and 0.40% higher than the AE results,
which are most likely also not fully converged with respect to the basis set. It should
be noted here that experimental reference values do not exist.



Chapter 4

Conclusion and Outlook

This thesis completes earlier adjusted quasirelativisticenergy-consistent f-in-core PPs
for the f-elements, i.e. the missing 5f-in-core actinide PPs for di-, tetra-, penta-, and
hexavalent oxidation states as well as 4f-in-core lanthanide PPs for tetravalent oxida-
tion states were adjusted. Furthermore, corresponding molecular basis sets of pVDZ to
pVQZ quality were optimized, whereby smaller basis sets suitable for calculations in
crystalline solids form subsets of these basis sets. In order to account for the neglected
static and dynamic core-polarization, CPPs were adjusted for di-, tri-, and tetravalent
5f-in-core actinide PPs. Finally, the LPPs, CPPs, and basissets were tested in atomic
and molecular test calculations and used for selected applications as actinocenes or
uranyl(VI) complexes.
Besides the quasirelativistic f-in-core LPPs, atomic testcalculations for a more rigor-
ous 5f-in-valence SPP adjusted to AE four-component MCDHF/DCB reference data
were performed. This PP includes scalar-relativistic effects as well as SO coupling
into an effective one-electron Hamiltonian improving the relativistic treatment of the
old WB 5f-in-valence SPP.
In the following the results for the 5f-in-core, 4f-in-core, and 5f-in-valence PPs will be
summarized separately.

5f-in-core Pseudopotentials for Actinides Quasirelativistic 5f-in-core LPPs and
corresponding valence basis sets for crystal and molecularcalculations were adjusted
for di- (5fn+1, n=5–13 for Pu–No)1, tetra- (5fn−1, n=1–9 for Th–Cf), penta- (5fn−2,
n=2–6 for Pa–Am), and hexavalent (5fn−3, n=3–6 for U–Am) actinide atoms. Fur-
thermore, CPPs for di-, tri-, and tetravalent PPs were optimized.
Atomic test calculations for the first and second IPs show good agreement to experi-
mental and SPP reference data except for those ionizations,where a change in the 6d

1The parameters of the divalent 5f-in-core PPs I have alreadyadjusted during my diploma thesis [19].
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or 7p shell occurs. However, this can be explained by the factthat LPPs show ioniza-
tions between averaged LS-states, while experimental and SPP ionizations take place
between high-spin states. The application of CPPs gave clearly improved results, i.e.
for the LPP/LPP+CPP calculations the m.a.e. for IP1 and IP2 amount to 0.40/0.33 and
0.20/0.10 eV, respectively.
Bond lengths from LPP HF and CCSD(T) calculations2 on AnFn (n=2–6) show good
agreement to SPP and experimental reference data, respectively, except for PuF2,
ThF3, and PaF3, i.e. the maximum deviation without these compounds is 0.042 Å
(2.0%). The reason why the a priori assumption of di- and trivalent actinides fails for
PuF2, ThF3, and PaF3 is most likely that for these actinides the di- and trivalentoxi-
dation states are not preferred (Th) or even not stable (Pa, Pu) in aqueous solution. In
the case of the bond energies reasonable results are only obtained for AnF2–AnF5 and
UF6 (largest deviation 0.29 eV (5.1%)), while for NpF6–AmF6 the 5f-in-core approx-
imation becomes too crude (smallest deviation 0.69 eV (12.5%)). Thus, hexavalent
5f-in-core PPs of Np–Am should only be used for preoptimizing purposes. The appli-
cation of CPPs improved the agreement for both bond lengths and energies, whereby
the CPP effect decreases from di- via tri- to tetravalent LPPs because of the decreasing
dipole polarizabilities. Therefore no CPPs for penta- and hexavalent oxidation states
were adjusted.
The applications of the 5f-in-core LPPs to actinocene complexes and the bare uranyl
ion show reasonable agreement with experimental and SPP reference data, i.e. the f-
part of the LPPs are found to be able to model quite well the 5f orbital contributions to
the bonding. However, in the case of the other penta- AnO+

2 (An=U–Am) and hexava-
lent AnO2+

2 (An=Np–Am) actinyl ions the 5f-in-core approximation fails, because the
a priori assumption of penta- and hexavalent oxidation states is not fulfilled. The LPP
calculations3 of the uranyl(VI) complexes with aromatic acids are in good agreement
with experimental and SPP data for molecular structures andrelative stabilities, but
the TD-DFT excitation spectra do not show the important CT excitations from ligand
π MOs to U 5f atomic-orbital-like MOs. This is due to the fact that the f-part of the
LPP is already exhausted by the additional electrons due to the ligand-to-metal dona-
tion.
Finally, one can conclude that the di-, tri-, tetra-, and pentavalent 5f-in-core LPPs as
well as the hexavalent uranium LPP are useful tools for thoseactinide compounds,
where the 5f orbitals do not significantly contribute in chemical bonding. Thus, avoid-
ing the difficulties due to the large number of electrons, thesignificant relativistic
effects, and the open shells, many calculations especiallyon large actinide complexes
become feasible. However, one should always explicitly test, if the 5f occupation num-

2The LPP HF calculation for BkF4 and SPP calculations for ThF4–CfF4 were performed by X. Cao.
3The calculations were performed by D. Weißmann.
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ber is close to integral, e.g. in single-point HF calculations with an explicit treatment
of the 5f shell.

4f-in-core Pseudopotentials for Lanthanides Quasirelativistic 4f-in-core LPPs and
corresponding valence basis sets4 for use in crystal and molecular calculations were
generated for tetravalent (4fn−1,n=1–3, 8, 9 for Ce–Nd, Tb, Dy) lanthanide atoms. Re-
sults of LPP HF and CCSD(T) test calculations5 for LnF4 show reasonable agreement
with SPP and experimental reference data, respectively, i.e. the maximum deviation for
bond lengths and energies amount to 0.016 Å (0.8%) and 0.26 eV(5.1%), respectively.
Furthermore, LPP HF and CCSD(T) calculations for CeO2 are in satisfactory agree-
ment with SPP reference data, if 3f basis functions HF optimized for 4f25s25p66s2

instead of 2f polarization functions CI optimized for 5s25p65d26s2 are applied. Thus,
the tetravalent 4f-in-core LPPs are reliable tools to investigate compounds including
tetravalent lanthanides within a reasonable amount of computer time, if the 4f shell
does not participate significantly in bonding.
For LnF3 4f-in-core LPP HF calculations using the recently published (8s7p6d3f2g)/
[6s5p5d3f2g] basis sets show good agreement with corresponding SPP reference data,
i.e. the mean deviations amount to 0.005 Å (0.2%), 0.2◦ (0.2%), and 0.14 eV (0.3%)
for bond lengths, bond angles, and ionic binding energies, respectively. Compared to
experimental data only LPP CCSD(T) bond lengths show small deviations, i.e. the
m.a.e. for bond lengths, bond angles, and atomization energies are 0.007 Å (0.3%),
10.3◦ (9.5%), and 0.94 eV (5.4%), respectively. If corrections for the neglected SO
coupling and zero-point energy as well as the BSSE are taken into account, the devi-
ation for the atomization energy of LaF3 lies within the experimental error bar, while
that for LuF3 still amounts to 1.10 eV (5.9%), which is more than 50% largerthan
the experimental error bar of 0.43 eV. The reason for the large discrepancies from ex-
perimental energies might be that the assumed uncertainty for atomization energies
including estimated values in the thermochemical cycle is too small. In the case of
bond angles the experimental data neglect the anharmonicity in angle bending vibra-
tion, which can seriously affect the angle parameters. Thus, the rather large differences
from experimental data for bond angles and atomization energies are not necessarily
due to the LPP calculations, which are consistent with SPP/AE6 CCSD(T) data for
LaF3 and LuF3, i.e. the maximum deviations (using the counterpoise correction) are
0.4◦ (0.3%) and 0.22 eV (1.1%), both occurring for LaF3. Therefore the test calcula-
tions demonstrate that the recently published basis sets yield reasonable results and are
at least as good as the original ones.

4The tetravalent 4f-in-core PPs as well as the correspondingbasis sets were adjusted by M. Hülsen.
5The calculations for LnF4 were performed by M. Hülsen.
6The AE calculation for LuF3 was performed by M. Dolg.
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5f-in-valence Pseudopotential for Uranium For the recently adjusted MCDHF/
DCB 5f-in-valence SPP for uranium atomic test calculationson the SO splitting of
U5+ and the fine-structure spectrum of U4+ were performed using a dressed effective
Hamiltonian SO-CI framework as well as the IH-FSCC. The results were compared to
those of the older WB PP, supplemented by a valence SO-term, as well as to AE/DKH
calculations.
The SO-CI calculation for the SO splitting of U5+ yields good agreement with the
experiment, i.e. the deviation is 183 cm−1 corresponding to 2.4%. Analogous to the
AE/DKH+AMFI calculations the best results are obtained forthe SO-CI configuration
space, where all single excitations from the doubly occupied orbitals in the near va-
lence region are included, i.e. from 6p, 5d, and 5f. Therefore this configuration space
was used to calculate the fine-structure of the U4+ spectrum.
For the U4+ spectrum the SO-CI using the MCDHF/DCB PP with a MRCI+DaC dress-
ing (no frozen orbitals) of the effective Hamiltonian gave the best results, i.e. the m.a.e.
with respect to the experimental data amounts to 948 cm−1 corresponding to 5.1%. All
energy levels are systematically overestimated by the new PP and the maximum devi-
ation found for the1S0 state is 3158 cm−1. Although the old WB PP yields a similar
m.a.e. of 952 cm−1, it is less systematic, because the energy levels are both over-
and underestimated. The results of the new PP are in reasonable agreement with the
AE/DKH MRCI+DaC calculations.
An accuracy very similar to the one obtained in AE four-component MCDF-CI+DaC
and XIH-FSCC calculations is obtained, if the new PP is applied in the IH-FSCC
framework, i.e. for the largest basis set a virtually exact splitting for U5+ and a m.a.e.
of 420 cm−1 for U4+ is found. In view of applications in larger molecular systems it is
very promising that due to the folding of the relativistic effects including SO coupling
into an effective one-electron Hamiltonian in the PP approach, results of this quality
can already be obtained using standard contracted basis sets of pVQZ quality.
The atomic test calculations show that the MCDHF/DCB SPP foruranium yields re-
liable results and therefore confirm earlier benchmark calculations on uranium mono-
hydride. Thus, the adjustment of analogous SPPs for the other actinide elements is
reasonable, in order to have such improved relativistic PPsat hand for all actinides
and to supplement the already existing MCDHF/DCB PPs for themain group and d
elements.



Appendix A

Pseudopotentials

Table A.1: Reference configurations for the adjustment of the s-, p-, and d-parts of the di- (5fn+1,
n=5–13 for Pu–No;Q = 10) and tetravalent (5fn−1, n=1–9 for Th–Cf;Q = 12) 5f-in-
core PPs for actinides as well as of the tetravalent (4fn−1, n=1–3, 8, 9 for Ce–Nd, Tb,
Dy; Q = 12) 4f-in-core PPs for lanthanides.

Actinides Lanthanides
No. Q = 10 Q = 12 Q = 12

1 (5fn+1) 6s26p67s2 (5fn−1) 6s26p66d27s2 (4fn−1) 5s25p65d26s2

2 (5fn+1) 6s26p6 (5fn−1) 6s26p6 (4fn−1) 5s25p6

3 (5fn+1) 6s26p66d1 (5fn−1) 6s26p66d1 (4fn−1) 5s25p65d1

4 (5fn+1) 6s26p67s1 (5fn−1) 6s26p67s1 (4fn−1) 5s25p66s1

5 (5fn+1) 6s26p67p1 (5fn−1) 6s26p67p1 (4fn−1) 5s25p66p1

6 (5fn+1) 6s26p66d2 (5fn−1) 6s26p66d2 (4fn−1) 5s25p65d2

7 (5fn+1) 6s26p66d17s1 (5fn−1) 6s26p66d17s1 (4fn−1) 5s25p65d16s1

8 (5fn+1) 6s26p66d17p1 (5fn−1) 6s26p66d17p1 (4fn−1) 5s25p65d16p1

9 (5fn+1) 6s26p67s17p1 (5fn−1) 6s26p67s17p1 (4fn−1) 5s25p66s16p1

10 (5fn−1) 6s26p67s2 (4fn−1) 5s25p66s2

11 (5fn−1) 6s26p66d27s1 (4fn−1) 5s25p65d26s1

12 (5fn−1) 6s26p66d17s2 (4fn−1) 5s25p65d16s2

13 (5fn−1) 6s26p67s27p1 (4fn−1) 5s25p66s26p1

14 (5fn−1) 6s26p67s17p2 (4fn−1) 5s25p66s16p2

15 (5fn−1) 6s26p66d17s17p1 (4fn−1) 5s25p65d16s16p1

16 (5fn−1) 6s26p66d37s1 (4fn−1) 5s25p65d36s1

17 (5fn−1) 6s26p66d27s17p1 (4fn−1) 5s25p65d26s16p1

18 (5fn−1) 6s26p66d17s27p1 (4fn−1) 5s25p65d16s26p1

133
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Table A.2: Reference configurations for the adjustment of the s-, p-, and d-parts of the penta- (5fn−2,
n=2–6 for Pa–Am;Q = 13) and hexavalent (5fn−3, n=3–6 for U–Am;Q = 14) 5f-in-
core PPs for actinides.

No. Q = 13 Q = 14

1 (5fn−2) 6s26p66d37s2 (5fn−3) 6s26p66d47s2

2 (5fn−2) 6s26p66d2 (5fn−3) 6s26p66d3

3 (5fn−2) 6s26p66d17s1 (5fn−3) 6s26p66d27s1

4 (5fn−2) 6s26p67s2 (5fn−3) 6s26p66d17s2

5 (5fn−2) 6s26p66d3 (5fn−3) 6s26p66d27p1

6 (5fn−2) 6s26p66d27s1 (5fn−3) 6s26p66d4

7 (5fn−2) 6s26p66d17s2 (5fn−3) 6s26p66d37s1

8 (5fn−2) 6s26p66d27p1 (5fn−3) 6s26p66d27s2

9 (5fn−2) 6s26p66d17s17p1 (5fn−3) 6s26p66d37p1

10 (5fn−2) 6s26p66d37s1 (5fn−3) 6s26p66d27s17p1

11 (5fn−2) 6s26p66d27s2 (5fn−3) 6s26p66d47s1

12 (5fn−2) 6s26p66d4 (5fn−3) 6s26p66d5

13 (5fn−2) 6s26p66d27s17p1 (5fn−3) 6s26p66d37s2

14 (5fn−2) 6s26p66d37p1 (5fn−3) 6s26p66d47p1

15 (5fn−2) 6s26p66d47s1 (5fn−3) 6s26p66d37s17p1

16 (5fn−2) 6s26p66d27s27p1 (5fn−3) 6s26p66d47s17p1

17 (5fn−2) 6s26p66d5 (5fn−3) 6s26p66d37s27p1

18 (5fn−2) 6s26p66d37s17p1 (5fn−3) 6s26p66d27s27p2

Table A.3: Parameters of the di- (5fn+1, n=5–13 for Pu–No;Q = 10) and tetravalent (5fn−1, n=1–9
for Th–Cf;Q = 12) 5f-in-core PPs for actinides [29] and of the tetravalent (4fn−1, n=1–3,
8, 9 for Ce–Nd, Tb, Dy;Q = 12) 4f-in-core PPs for lanthanides [28].

Actinidesa Lanthanidesb

Q = 10 Q = 12 Q = 12

l k An Alk alk Alk alk Ln Alk alk

0 1 Th 101.530523 3.1878 Ce 119.423291 3.9026
0 2 -12.344959 2.5052 -2.511980 2.0907
1 1 61.875695 2.4114 76.607034 3.1582
1 2 -1.011261 1.5939 -0.430895 1.6651
2 1 27.688250 1.4416 68.864734 2.5236
2 2 1.134394 1.5308 -4.246970 2.2757
3 1 -3.474523 0.9539 -41.694411 4.6452
0 1 Pa 101.535521 3.2535 Pr 119.421511 4.0565
0 2 -12.346846 2.2728 -2.522571 2.0634
1 1 61.867648 2.5280 76.604560 3.2873
1 2 -0.997613 1.6695 -0.452512 1.6508
2 1 27.708880 1.5405 68.863419 2.6443
2 2 1.140057 1.5474 -4.248770 2.2649
3 1 -4.373234 1.1371 -42.538874 4.9055
3 2 1.017037 0.8389 0.725701 1.1484
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Table A.3: (continued).
Actinidesa Lanthanidesb

Q = 10 Q = 12 Q = 12

l k An Alk alk Alk alk Ln Alk alk

0 1 U 101.510029 3.4119 Nd 119.410511 4.2588
0 2 -12.398152 2.3679 -2.481276 2.3589
1 1 61.870048 2.6658 76.581227 3.4392
1 2 -0.817262 1.9668 -0.334544 1.8026
2 1 27.680805 1.6260 68.852942 2.7769
2 2 0.948957 1.8416 -4.256800 2.3321
3 1 -5.060991 1.2775 -42.929627 5.1726
3 2 2.081285 0.8824 1.456575 1.1957
0 1 Np 101.516132 3.5983
0 2 -12.369779 2.5430
1 1 61.836563 2.7674
1 2 -1.068386 1.8212
2 1 27.712219 1.7383
2 2 1.141543 1.5753
3 1 -5.615963 1.4081
3 2 3.191067 0.9264
0 1 Pu 101.504936 4.0712 101.506983 3.6343
0 2 -12.399453 2.5110 -12.426998 2.3087
1 1 61.837518 3.1908 61.826324 2.8807
1 2 -0.992683 1.8837 -1.221450 2.0087
2 1 27.691590 2.2615 27.775505 1.8302
2 2 1.086341 1.6683 1.193230 1.6747
3 1 -7.478504 1.7755 -6.031720 1.5334
3 2 4.615821 0.8123 4.344889 0.9709
0 1 Am 101.506880 4.2423 101.523169 3.7025
0 2 -12.380058 2.5770 -12.373584 2.1912
1 1 61.830559 3.3341 61.837340 3.0106
1 2 -1.023903 1.8675 -0.863600 2.0821
2 1 27.691483 2.4192 27.756497 1.9209
2 2 1.102097 1.6712 1.152681 1.7035
3 1 -7.316609 1.8817 -6.299625 1.6565
3 2 5.502241 0.8535 5.541411 1.0159
0 1 Cm 101.504260 4.3987 101.528345 3.8235
0 2 -12.379533 2.6117 -12.353657 2.2001
1 1 61.828567 3.4877 61.850235 3.1239
1 2 -0.990561 1.9095 -0.823808 1.9785
2 1 27.689080 2.5736 27.739747 2.0188
2 2 1.085596 1.7209 1.158684 1.6901
3 1 -6.963250 1.9913 -6.408602 1.7790
3 2 6.419253 0.8952 6.779425 1.0615
0 1 Bk 101.506205 4.4712 101.529576 3.9455 Tb 119.384916 5.1371
0 2 -12.377891 2.4926 -12.348977 2.2115 -2.464767 2.6552
1 1 61.836181 3.6299 61.838375 3.2431 76.525459 4.1681
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Table A.3: (continued).
Actinidesa Lanthanidesb

Q = 10 Q = 12 Q = 12

l k An Alk alk Alk alk Ln Alk alk

1 2 -0.962722 1.9044 -0.816482 2.0290 -0.169881 1.9532
2 1 27.680426 2.7315 27.755579 2.1135 68.841221 3.4016
2 2 1.069841 1.7240 1.176777 1.7604 -4.271170 2.3394
3 1 -6.404162 2.1042 -6.346459 1.9019 -37.330833 6.6747
3 2 7.366130 0.9375 8.057875 1.1076 5.141693 1.4379
0 1 Cf 101.475587 4.4749 101.529253 3.9803 Dy 119.381621 5.3029
0 2 -12.573643 2.3117 -12.353376 2.0705 -2.490913 2.6047
1 1 61.850531 3.7131 61.853084 3.3400 76.519446 4.3031
1 2 -1.337306 1.8582 -0.846896 1.9190 -0.258942 1.8863
2 1 27.675091 2.8736 27.724516 2.2084 68.839323 3.5187
2 2 1.046808 1.7588 1.150912 1.6991 -4.277393 2.3086
3 1 -5.624800 2.2206 -6.100431 2.0258 -34.391881 7.0083
3 2 8.342264 0.9803 9.375794 1.1543 5.876988 1.4877
0 1 Es 101.496988 4.7615
0 2 -12.399519 2.5251
1 1 61.813918 3.9146
1 2 -1.092360 1.9517
2 1 27.669903 3.0620
2 2 1.009338 1.8306
3 1 -4.610193 2.3404
3 2 9.347159 1.0238
0 1 Fm 101.499587 4.8149
0 2 -12.394687 2.4000
1 1 61.828820 4.0681
1 2 -0.929628 1.9180
2 1 27.661224 3.2280
2 2 0.982986 1.8492
3 1 -3.345067 2.4637
3 2 10.380482 1.0679
0 1 Md 101.499103 4.8971
0 2 -12.396828 2.3291
1 1 61.828786 4.1983
1 2 -0.947297 1.8667
2 1 27.652220 3.3993
2 2 0.951381 1.8736
3 1 -1.813704 2.5906
3 2 11.442016 1.1127
0 1 No 101.500914 4.7845
0 2 -12.419287 2.0399
1 1 61.822993 4.3161
1 2 -0.933399 1.9569
2 1 27.645365 3.5188
2 2 0.932537 1.8810
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Table A.3: (continued).
Actinidesa Lanthanidesb

Q = 10 Q = 12 Q = 12

l k An Alk alk Alk alk Ln Alk alk

3 1 12.531620 1.1581
aThe parameters of the divalent 5f-in-core PPs I have alreadyadjusted during my diploma thesis [19].
bThe tetravalent 4f-in-core PPs were adjusted by M. Hülsen.

Table A.4: Parameters of the penta- (5fn−2, n=2–6 for Pa–Am;Q = 13) and hexavalent (5fn−3, n=3–6
for U–Am; Q = 14) 5f-in-core PPs for actinides [30].

Q = 13 Q = 14

l k An Alk alk Alk alk

0 1 Pa 101.530502 9.1888
0 2 101.529662 3.2643
0 3 -12.347038 2.4788
1 1 61.875296 2.4623
1 2 -1.012227 1.5912
2 1 27.685976 1.4977
2 2 1.130790 1.5368
3 1 -2.998486 0.8632
0 1 U 101.525621 9.3059 102.244491 9.7387
0 2 101.526474 3.3893 102.252401 3.3303
0 3 -12.352121 2.4477 -4.327744 1.4585
1 1 61.866963 2.5704 61.851913 2.4529
1 2 -0.996819 1.6769 -1.172466 1.1990
2 1 27.681302 1.5852 27.320350 1.5082
2 2 1.110842 1.5517 -0.133230 1.1772
3 1 -3.258365 0.8907 -3.194363 0.9876
3 2 1.206614 0.9566
0 1 Np 101.530336 9.4041 102.244235 9.7490
0 2 101.515630 3.5180 102.247872 3.4993
0 3 -12.362053 2.4445 -4.325984 1.5433
1 1 61.870355 2.6571 61.843073 2.5571
1 2 -1.039633 1.4911 -1.161007 1.2810
2 1 28.204055 1.6890 27.361171 1.5838
2 2 1.629124 1.6779 -0.120114 1.1535
3 1 -3.357339 0.8907 -3.511579 1.0305
3 2 2.464953 1.0024 1.409055 1.0777
0 1 Pu 101.514401 9.6589 102.243872 9.7631
0 2 101.503391 3.7101 102.242707 3.7011
0 3 -12.380845 2.6287 -4.316857 1.7167
1 1 61.832932 2.7812 61.823982 2.6781
1 2 -1.080822 1.7817 -1.121911 1.4854
2 1 28.054819 1.7704 27.411347 1.6590
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Table A.4: (continued).
Q = 13 Q = 14

l k An Alk alk Alk alk

2 2 1.476696 1.7388 -0.143002 1.0969
3 1 -3.266963 0.8548 -3.754220 1.0726
3 2 3.773377 1.0487 2.874433 1.1257
0 1 Am 101.503615 9.7495 102.243881 9.7619
0 2 101.483537 3.8324 102.249453 3.8779
0 3 -12.439750 2.5969 -4.305243 1.8040
1 1 61.811778 2.8913 61.802876 2.7885
1 2 -1.231665 2.0153 -1.100244 1.6377
2 1 28.292323 1.8646 27.461971 1.7096
2 2 1.704499 1.8440 -0.296457 0.8633
3 1 -3.159664 0.8325 -3.907279 1.1111
3 2 5.130444 1.0956 4.394546 1.1743

Table A.5: Energy differences (in eV) between finite-difference AE andPP HF calculations [55] of
the di- (5fn+1, n=5–13 for Pu–No;Q = 10) and tetravalent (5fn−1, n=1–9 for Th–Cf;
Q = 12) 5f-in-core PPs for actinides [29] and of the tetravalent (4fn−1, n=1–3, 8, 9 for
Ce–Nd, Tb, Dy;Q = 12) 4f-in-core PPs for lanthanides [28] without f-PPs.

Actinides Lanthanides
Q = 10 Q = 12 Q = 12

An ∆E
a

∆Eb
max No.c ∆E

a
∆Eb

max No.c Ln ∆E
a

∆Eb
max No.c

Th 0.018 0.035 14 Ce 0.028 0.068 16
Pa 0.006 0.012 2 Pr 0.027 0.062 2
U 0.015 0.029 16 Nd 0.024 0.057 2
Np 0.024 0.049 16 Tb 0.018 0.035 2
Pu 0.037 0.064 3 0.029 0.062 16 Dy 0.018 0.034 14
Am 0.035 0.061 3 0.033 0.073 16
Cm 0.033 0.058 3 0.037 0.082 16
Bk 0.031 0.056 3 0.040 0.091 16
Cf 0.031 0.054 3 0.042 0.095 16
Es 0.028 0.052 3
Fm 0.027 0.050 3
Md 0.026 0.048 3
No 0.026 0.045 3

aRoot mean square deviation of the valence energies∆E =
√

1

n

∑n
i ∆E2

i , wheren is the number of

reference configurations and∆Ei = EPP
i − EAE

i .
bMaximum deviation of the valence energies∆Emax = max(|∆Ei|).
cReference configuration, where the maximum deviation∆Emax occurs (cf. Table A.1).
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Table A.6: Energy differences (in eV) between finite-difference AE andPP HF calculations [55] of
the penta- (5fn−2, n=2–6 for Pa–Am;Q = 13) and hexavalent (5fn−3, n=3–6 for U–Am;
Q = 14) 5f-in-core PPs for actinides [30] without f-PPs.

Q = 13 Q = 14

An ∆E
a

∆Eb
max No.c ∆E

a
∆Eb

max No.c

Pa 0.021 0.043 2
U 0.007 0.016 2 0.010 0.024 18
Np 0.007 0.013 17 0.005 0.013 4
Pu 0.017 0.038 17 0.011 0.023 4
Am 0.025 0.055 17 0.013 0.028 4

aRoot mean square deviation of the valence energies∆E =
√

1

n

∑n
i ∆E2

i , wheren is the number of

reference configurations and∆Ei = EPP
i − EAE

i .
bMaximum deviation of the valence energies∆Emax = max(|∆Ei|).
cReference configuration, where the maximum deviation∆Emax occurs (cf. Table A.2).

Table A.7: Energy differences (in eV) between finite-difference AE andPP HF calculations [55]
using the f-PPs V1 and V2 of the di- (5fn+1, n=5–13 for Pu–No;Q = 10) and tetravalent
(5fn−1, n=1–9 for Th–Cf;Q = 12) 5f-in-core PPs for actinides [29].

Q = 10 Q = 12

V1 V2 V1 V2

An ∆E
a

∆Eb
max ∆E

a
∆Eb

max ∆E
a

∆Ec
max ∆E

a
∆Ec

max

Th 0.077 0.099
Pa 0.088 0.107 0.008 0.033
U 0.096 0.117 0.008 0.032
Np 0.102 0.125 0.007 0.030
Pu 0.063 0.077 0.015 0.019 0.107 0.131 0.007 0.029
Am 0.067 0.080 0.014 0.018 0.112 0.137 0.007 0.028
Cm 0.069 0.084 0.013 0.017 0.116 0.141 0.006 0.027
Bk 0.072 0.087 0.013 0.016 0.119 0.146 0.006 0.026
Cf 0.074 0.089 0.012 0.015 0.123 0.149 0.006 0.025
Es 0.076 0.091 0.011 0.014
Fm 0.078 0.093 0.011 0.013
Md 0.079 0.095 0.010 0.013
No 0.009 0.012

aRoot mean square deviation of the valence energies∆E =
√

1

n

∑n
i ∆E2

i , wheren is the number of

reference configurations and∆Ei = EPP
i − EAE

i .
bMaximum deviation of the valence energies∆Emax = max(|∆Ei|) occurring for the reference
configuration 5fn+18f1.
cMaximum deviation of the valence energies occurring for thereference configuration 5fn−18f1.
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Table A.8: Energy differences (in eV) between finite-difference AE andPP HF calculations [55] us-
ing the f-PPs V1 and V2 of the penta- (5fn−2, n=2–6 for Pa–Am;Q = 13) and hexavalent
(5fn−3, n=3–6 for U–Am;Q = 14) 5f-in-core PPs for actinides [30].

Q = 13 Q = 14

V1 V2 V1 V2

An ∆E
a

∆Eb
max ∆E

a
∆Ec

max ∆E
a

∆Ed
max ∆E

a
∆Ee

max

Pa 0.242 0.294
U 0.160 0.212 0.009 0.038 0.579 0.756
Np 0.092 0.131 0.009 0.036 0.484 0.607 0.010 0.043
Pu 0.040 0.059c 0.008 0.035 0.395 0.471 0.010 0.041
Am 0.006 0.010 0.008 0.034 0.307 0.388 0.010 0.040

aRoot mean square deviation of the valence energies∆E =
√

1

n

∑n
i ∆E2

i , wheren is the number of

reference configurations and∆Ei = EPP
i − EAE

i .
bMaximum deviation of the valence energies∆Emax = max(|∆Ei|) occurring for the reference
configuration 5fn−27f1.
cMaximum deviation of the valence energies occurring for thereference configuration 5fn−28f1.
dMaximum deviation of the valence energies occurring for thereference configuration 5fn−36f1 and
5fn−37f1 for U, Np and Pu, Am, respectively.
eMaximum deviation of the valence energies occurring for thereference configuration 5fn−38f1.

Table A.9: Energy differences (in eV) between finite-difference AE andPP HF calculations [55]
using the f-PPs V1 and V2 of the tetravalent (4fn−1, n=1–3, 8, 9 for Ce–Nd, Tb, Dy;
Q = 12) 4f-in-core PPs for lanthanides [28].

V1 V2

Ln ∆E
a

∆Eb
max ∆E

a
∆Eb

max

Ce 0.162 0.201
Pr 0.150 0.189 0.022 0.028
Nd 0.139 0.176 0.021 0.027
Tb 0.092 0.121 0.016 0.021
Dy 0.083 0.111 0.015 0.020

aRoot mean square deviation of the valence energies∆E =
√

1

n

∑n
i ∆E2

i , wheren is the number of

reference configurations and∆Ei = EPP
i − EAE

i .
bMaximum deviation of the valence energies∆Emax = max(|∆Ei|) occurring for the reference
configuration 4fn−17f1.
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Table A.10: Parameters of the CPPs corresponding to di- (5fn+1, n=5–13 for Pu–No;Q = 10)
[29], tri- (5fn, n=0–14 for Ac–Lr;Q = 11) [54], and tetravalent (5fn−1, n=1–9 for
Th–Cf; Q = 12) [29] 5f-in-core PPs for actinides, respectively. Given are the dipole
polarizabilitiesαD (in a.u.) and cutoff parametersδ.

Q = 10 Q = 11 Q = 12

An αD δ αD δ αD δ

Ac 0.8982 0.8727
Th 1.1019 0.8296 0.7830 0.9293
Pa 1.3056 0.7865 0.9069 0.8661
U 1.5093 0.7435 1.0308 0.8028
Np 1.7130 0.7004 1.1548 0.7396
Pu 3.3726 0.7634 1.9167 0.6573 1.2787 0.6764
Am 3.7613 0.6980 2.1204 0.6142 1.4026 0.6132
Cm 4.1500 0.6326 2.3242 0.5712 1.5265 0.5499
Bk 4.5386 0.5673 2.5279 0.5281 1.6505 0.4867
Cf 4.9273 0.5019 2.7316 0.4850 1.7744 0.4235
Es 5.3159 0.4365 2.9353 0.4419
Fm 5.7046 0.3711 3.1390 0.3988
Md 6.0933 0.3058 3.3427 0.3558
No 6.4819 0.2404 3.5464 0.3127
Lr 3.7501 0.2696
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Table A.11: Reference configurations for the adjustment of the s-, p-, d-, and f-parts of the 5f-in-
valence MCDHF/DCB PP for uranium (Q = 32) [16].

U U+ U+2

5s25p65d105f56s26p67s1 5s25p65d105f56s26p6 5s25p65d105f46s26p6

5s25p65d105f56s26p67p1 5s25p65d105f46s26p66d1 5s25p65d105f36s26p66d1

5s25p65d105f46s26p66d17s1 5s25p65d105f46s26p67s1 5s25p65d105f36s26p67s1

5s25p65d105f46s26p66d17p1 5s25p65d105f46s26p67p1 5s25p65d105f36s26p67p1

5s25p65d105f46s26p67s2 5s25p65d105f36s26p66d2 5s25p65d105f26s26p66d2

5s25p65d105f46s26p67s17p1 5s25p65d105f36s26p66d17s1 5s25p65d105f26s26p66d17s1

5s25p65d105f36s26p66d17s2 5s25p65d105f36s26p67s2 5s25p65d105f26s26p66d17p1

5s25p65d105f36s26p67s27p1 5s25p65d105f36s26p67s17p1 5s25p65d105f26s26p67s2

5s25p65d105f36s26p67s28s1 5s25p65d105f36s26p66d17p1 5s25p65d105f26s26p67s17p1

5s25p65d105f36s26p67s29s1 5s25p65d105f26s26p66d3 5s25p65d105f16s26p66d3

5s25p65d105f36s26p67s28p1 5s25p65d105f26s26p66d27s1 5s25p65d105f16s26p66d27s1

5s25p65d105f36s26p67s29p1 5s25p65d105f26s26p66d17s2 5s25p65d105f16s26p66d17s2

5s25p65d105f26s26p66d27s2 5s25p65d105f26s26p66d17s17p1 5s25p65d105f16s26p66d17s17p1

5s25p65d105f26s26p66d17s27p15s25p65d105f26s26p67s27p1 5s25p65d105f16s26p67s27p1

5s25p65d105f16s26p66d47s1 5s25p65d105f16s26p66d4 5s25p65d106s26p66d4

5s25p65d105f16s26p66d37s2 5s25p65d105f16s26p66d37s1 5s25p65d106s26p66d37s1

5s25p65d106s26p66d47s2 5s25p65d105f16s26p66d27s2 5s25p65d106s26p66d27s2

5s25p65d106s26p66d37s27p1 5s25p65d105f16s26p66d27s17p1 5s25p65d106s26p66d17s27p1

5s25p65d105f16s26p66d17s27p1

5s25p65d106s26p66d47s1

5s25p65d106s26p66d27s27p1

U+3 U+4 U+5

5s25p65d105f36s26p6 5s25p65d105f26s26p6 5s25p65d105f16s26p6

5s25p65d105f26s26p66d1 5s25p65d105f16s26p66d1 5s25p65d106s26p66d1

5s25p65d105f26s26p67s1 5s25p65d105f16s26p67s1 5s25p65d106s26p67s1

5s25p65d105f26s26p67p1 5s25p65d105f16s26p67p1 5s25p65d106s26p67p1

5s25p65d105f16s26p66d2 5s25p65d106s26p66d2 5s25p65d106s26p68s1

5s25p65d105f16s26p66d17s1 5s25p65d106s26p66d17s1 5s25p65d106s26p69s1

5s25p65d105f16s26p66d17p1 5s25p65d106s26p66d17p1 5s25p65d106s26p68p1

5s25p65d105f16s26p67s2 5s25p65d106s26p67s2 5s25p65d106s26p69p1

5s25p65d105f16s26p67s17p1 5s25p65d106s26p67s17p1 5s25p65d106s26p67d1

5s25p65d106s26p66d3 5s25p65d106s26p68d1

5s25p65d106s26p66d27s1 5s25p65d106s26p69d1

5s25p65d106s26p66d17s2 5s25p65d106s26p66f1

5s25p65d106s26p67s27p1 5s25p65d106s26p67f1

5s25p65d106s26p68f1

5s25p65d106s26p69f1

U+6 U+7 U+7

5s25p65d105f36s26p6 5s15p65d106s26p6 5s25p65d106s16p6

5s25p55d106s26p6 5s25p65d106s26p5

5s25p65d9 6s26p6
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Table A.12: Parametersa of the two-component 5f-in-valence MCDHF/DCB PP for uranium (Q =

32) [16].

l j k Bljk bljk

0 1/2 1 529.53526911 16.91870874
0 1/2 2 4.27018845 3.40970576
0 1/2 3 0.09998874 0.79302733
0 1/2 4 0.00626781 0.19378381
1 1/2 1 302.80077401 13.16953414
1 3/2 1 263.93135846 10.60784728
1 1/2 2 -0.00632361 2.69049397
1 3/2 2 -0.28562472 2.08929800
1 1/2 3 0.01483880 0.54050990
1 3/2 3 -0.02478724 0.40482776
1 1/2 4 0.00246099 0.11250285
1 3/2 4 -0.00150041 0.09508873
2 3/2 1 157.14819756 9.06784123
2 5/2 1 150.34804157 8.53362678
2 3/2 2 -0.20706045 1.63646790
2 5/2 2 -0.25513195 1.54425719
2 3/2 3 -0.00021799 0.47961552
2 5/2 3 0.00806796 0.41164502
2 3/2 4 -0.00015340 0.13990510
2 5/2 4 -0.00401398 0.17494682
3 5/2 1 36.60132534 5.14746012
3 7/2 1 39.06184353 5.29241394
3 5/2 2 -0.48275111 1.05726701
3 7/2 2 -0.14760289 0.98063114
3 5/2 3 0.14197042 0.48259555
3 7/2 3 0.00404713 0.55434882
3 5/2 4 -0.00476161 0.23674544
3 7/2 4 0.00609679 0.21559852
4 7/2 1 -99.92316195 18.83643086
4 9/2 1 -96.57611061 18.74850924
4 7/2 2 -5.74243522 6.49279545
4 9/2 2 -6.01884159 6.57472519
4 7/2 3 0.10186930 2.58151924
4 9/2 3 0.10148305 2.58690949

aThe PP was adjusted by M. Dolg.





Appendix B

Basis Sets

Table B.1: Exponents and contraction coefficients of the (7s6p5d), (7s6p5d)/[6s5p4d]
{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/3111/2111}, and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5s4p3d] {21111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis sets for the divalent (5fn+1, n=5–13
for Pu–No) 5f-in-core PPs for actinides [29]. Additionally, the two f and one g polarization
functions are given.

An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]
Pu s 7.099797 -0.102293 -0.102293 -0.1022934.071880 0.476802 0.476802

4.733198 0.620330 0.620330 0.6203302.714587 -0.997050 -0.997050
2.974894 1.000000 -0.991321 -0.9913210.640897 1.000000 0.807075
0.568363 1.000000 1.000000 0.8926710.277613 1.000000 0.524547
0.249491 1.000000 1.000000 0.3936140.062021 1.000000 1.000000
0.063629 1.000000 1.000000 1.0000000.027540 1.000000 1.000000
0.027857 1.000000 1.000000 1.000000

p 3.855776 0.107344 0.107344 0.1073444.018228 0.099782 0.099782
2.582683 -0.286647 -0.286647 -0.2866472.670701 -0.262835 -0.262835
0.680070 1.000000 0.421465 0.4214650.566548 1.000000 0.632849
0.329090 1.000000 1.000000 0.5208890.221476 1.000000 0.476800
0.154720 1.000000 1.000000 0.2041100.070541 1.000000 1.000000
0.064100 1.000000 1.000000 1.000000

d 2.010101 0.018281 0.018281 0.0182812.483170 -0.011281 -0.011281
0.589728 -0.168424 -0.168424 -0.1684240.474833 0.246988 0.246988
0.213274 1.000000 1.000000 -0.3358100.136942 1.000000 1.000000
0.077409 1.000000 1.000000 1.0000000.041147 1.000000 1.000000
0.027972 1.000000 1.000000 1.000000

f 0.970
0.403

g 0.853
Am s 7.311443 -0.094661 -0.094661 -0.0946614.332225 0.459342 0.459342

4.874295 0.632757 0.632757 0.6327572.888150 -0.958347 -0.958347
3.150528 1.000000 -1.001778 -1.0017780.649477 1.000000 0.823474
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Table B.1: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.594258 1.000000 1.000000 0.8847930.281157 1.000000 0.491287
0.259319 1.000000 1.000000 0.3956780.064995 1.000000 1.000000
0.065370 1.000000 1.000000 1.0000000.028758 1.000000 1.000000
0.028490 1.000000 1.000000 1.000000

p 3.780929 0.173901 0.173901 0.1739014.279281 0.096429 0.096429
2.879710 -0.342251 -0.342251 -0.3422512.852854 -0.250887 -0.250887
0.694187 1.000000 0.435554 0.4355540.587520 1.000000 0.632659
0.333442 1.000000 1.000000 0.5096640.228009 1.000000 0.473504
0.157034 1.000000 1.000000 0.1957920.072149 1.000000 1.000000
0.064705 1.000000 1.000000 1.000000

d 2.184394 0.015557 0.015557 0.0155572.775368 -0.009052 -0.009052
0.625243 -0.162404 -0.162404 -0.1624040.499709 0.241657 0.241657
0.224275 1.000000 1.000000 -0.3278440.141397 1.000000 1.000000
0.080187 1.000000 1.000000 1.0000000.041770 1.000000 1.000000
0.028490 1.000000 1.000000 1.000000

f 0.991
0.415

g 0.888
Cm s 7.493885 -0.088834 -0.088834 -0.0888344.528355 0.449640 0.449640

4.995923 0.660351 0.660351 0.6603513.018903 -0.944447 -0.944447
3.330616 1.000000 -1.027970 -1.0279700.685936 1.000000 0.810533
0.621922 1.000000 1.000000 0.8773870.294443 1.000000 0.502905
0.269763 1.000000 1.000000 0.3991510.066637 1.000000 1.000000
0.067171 1.000000 1.000000 1.0000000.029364 1.000000 1.000000
0.029131 1.000000 1.000000 1.000000

p 4.057822 0.144139 0.144139 0.1441394.485808 0.090897 0.090897
3.002285 -0.305917 -0.305917 -0.3059172.990538 -0.240087 -0.240087
0.724461 1.000000 0.433570 0.4335700.615619 1.000000 0.625974
0.344967 1.000000 1.000000 0.5100820.236723 1.000000 0.479166
0.161425 1.000000 1.000000 0.1955490.073715 1.000000 1.000000
0.066064 1.000000 1.000000 1.000000

d 2.390505 0.012868 0.012868 0.0128683.092587 0.007200 0.007200
0.654420 -0.159252 -0.159252 -0.1592520.524586 -0.236158 -0.236158
0.231377 1.000000 1.000000 -0.3233730.145602 1.000000 1.000000
0.081656 1.000000 1.000000 1.0000000.042301 1.000000 1.000000
0.028627 1.000000 1.000000 1.000000

f 1.012
0.426

g 0.922
Bk s 7.750942 -0.090316 -0.090316 -0.0903164.676718 0.455176 0.455176

5.167295 0.668340 0.668340 0.6683403.117812 -0.958692 -0.958692
3.444863 1.000000 -1.040472 -1.0404720.729488 1.000000 0.805712
0.658979 1.000000 1.000000 0.8702370.309324 1.000000 0.516962
0.283798 1.000000 1.000000 0.4128230.068470 1.000000 1.000000
0.069000 1.000000 1.000000 1.0000000.030076 1.000000 1.000000
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Table B.1: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.029797 1.000000 1.000000 1.000000
p 4.354756 0.116869 0.116869 0.1168694.717032 0.086946 0.086946

3.100354 -0.273636 -0.273636 -0.2736363.144688 -0.230293 -0.230293
0.756531 1.000000 0.428620 0.4286200.639243 1.000000 0.622801
0.357799 1.000000 1.000000 0.5119050.243939 1.000000 0.480620
0.166290 1.000000 1.000000 0.1977050.075148 1.000000 1.000000
0.067444 1.000000 1.000000 1.000000

d 2.611617 -0.010546 -0.010546 -0.0105463.445159 0.005629 0.005629
0.682940 0.155758 0.155758 0.1557580.548544 -0.230468 -0.230468
0.237969 1.000000 1.000000 0.3189730.149407 1.000000 1.000000
0.082941 1.000000 1.000000 1.0000000.042719 1.000000 1.000000
0.028700 1.000000 1.000000 1.000000

f 1.033
0.438

g 0.957
Cf s 7.900351 -0.095925 -0.095925 -0.0959254.801003 0.470520 0.470520

5.266901 0.698194 0.698194 0.6981943.200668 -0.987285 -0.987285
3.511267 1.000000 -1.083094 -1.0830940.762881 1.000000 0.824487
0.704620 1.000000 1.000000 0.8663590.320322 1.000000 0.510566
0.300880 1.000000 1.000000 0.4333400.070318 1.000000 1.000000
0.070639 1.000000 1.000000 1.0000000.030736 1.000000 1.000000
0.030401 1.000000 1.000000 1.000000

p 4.559154 0.106903 0.106903 0.1069034.901994 0.084879 0.084879
3.193051 -0.261125 -0.261125 -0.2611253.267996 -0.224879 -0.224879
0.787977 1.000000 0.424217 0.4242170.661926 1.000000 0.620911
0.370480 1.000000 1.000000 0.5141840.250806 1.000000 0.482220
0.171080 1.000000 1.000000 0.2001900.076488 1.000000 1.000000
0.068840 1.000000 1.000000 1.000000

d 2.827024 -0.008751 -0.008751 -0.0087513.795928 -0.004436 -0.004436
0.709159 0.152235 0.152235 0.1522350.570004 0.224995 0.224995
0.243598 1.000000 1.000000 0.3147960.152478 1.000000 1.000000
0.083937 1.000000 1.000000 1.0000000.042965 1.000000 1.000000
0.028682 1.000000 1.000000 1.000000

f 1.054
0.450

g 0.991
Es s 8.316404 -0.072460 -0.072460 -0.0724605.109894 0.439540 0.439540

5.544270 0.612414 0.612414 0.6124143.406596 -0.929303 -0.929303
3.696180 1.000000 -0.997598 -0.9975980.785894 1.000000 0.808788
0.726950 1.000000 1.000000 0.8547440.329544 1.000000 0.505793
0.309005 1.000000 1.000000 0.4288210.072513 1.000000 1.000000
0.072612 1.000000 1.000000 1.0000000.031496 1.000000 1.000000
0.031057 1.000000 1.000000 1.000000

p 4.994225 0.082035 0.082035 0.0820355.212368 0.079729 0.079729
3.317480 -0.228903 -0.228903 -0.2289033.474912 -0.211715 -0.211715
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Table B.1: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.823677 1.000000 0.419854 0.4198540.688814 1.000000 0.616651
0.384100 1.000000 1.000000 0.5152190.258864 1.000000 0.483658
0.176126 1.000000 1.000000 0.2013990.078105 1.000000 1.000000
0.070304 1.000000 1.000000 1.000000

d 3.136682 0.006816 0.006816 0.0068164.311882 -0.003183 -0.003183
0.744669 -0.148165 -0.148165 -0.1481650.598759 0.218808 0.218808
0.251518 1.000000 1.000000 -0.3095630.156688 1.000000 1.000000
0.085366 1.000000 1.000000 1.0000000.043360 1.000000 1.000000
0.028730 1.000000 1.000000 1.000000

f 1.075
0.461

g 1.025
Fm s 8.507957 -0.074200 -0.074200 -0.0742005.273309 0.447506 0.447506

5.671971 0.626126 0.626126 0.6261263.515539 -0.942576 -0.942576
3.781314 1.000000 -1.021500 -1.0215000.813477 1.000000 0.827112
0.769324 1.000000 1.000000 0.8544950.338844 1.000000 0.492972
0.324360 1.000000 1.000000 0.4404490.074616 1.000000 1.000000
0.074403 1.000000 1.000000 1.0000000.032200 1.000000 1.000000
0.031680 1.000000 1.000000 1.000000

p 5.365571 0.067241 0.067241 0.0672415.456639 0.076576 0.076576
3.405427 -0.210012 -0.210012 -0.2100123.637760 -0.203465 -0.203465
0.857327 1.000000 0.414129 0.4141290.711721 1.000000 0.614045
0.397544 1.000000 1.000000 0.5172710.265625 1.000000 0.484869
0.181085 1.000000 1.000000 0.2045120.079348 1.000000 1.000000
0.071676 1.000000 1.000000 1.000000

d 3.424275 -0.005412 -0.005412 -0.0054124.831599 -0.002290 -0.002290
0.774861 0.143988 0.143988 0.1439880.621976 0.212968 0.212968
0.257721 1.000000 1.000000 0.3048130.159633 1.000000 1.000000
0.086384 1.000000 1.000000 1.0000000.043510 1.000000 1.000000
0.028678 1.000000 1.000000 1.000000

f 1.096
0.473

g 1.060
Md s 8.715120 -0.072687 -0.072687 -0.0726875.412826 0.452715 0.452715

5.810080 0.627554 0.627554 0.6275543.608551 -0.956257 -0.956257
3.873387 1.000000 -1.032597 -1.0325970.853816 1.000000 0.832209
0.808963 1.000000 1.000000 0.8563020.352783 1.000000 0.496699
0.338605 1.000000 1.000000 0.4470860.076347 1.000000 1.000000
0.076209 1.000000 1.000000 1.0000000.032781 1.000000 1.000000
0.032287 1.000000 1.000000 1.000000

p 5.703359 0.058196 0.058196 0.0581965.736566 0.074816 0.074816
3.497092 -0.197696 -0.197696 -0.1976963.824377 -0.196416 -0.196416
0.891197 1.000000 0.409504 0.4095040.732031 1.000000 0.613880
0.410946 1.000000 1.000000 0.5190740.271610 1.000000 0.483373
0.186013 1.000000 1.000000 0.2072910.080629 1.000000 1.000000
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Table B.1: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.072898 1.000000 1.000000 1.000000
d 3.756518 -0.004198 -0.004198 -0.0041985.444997 -0.001557 -0.001557

0.805555 0.139833 0.139833 0.1398330.645182 0.207128 0.207128
0.263620 1.000000 1.000000 0.3001150.162321 1.000000 1.000000
0.087250 1.000000 1.000000 1.0000000.043576 1.000000 1.000000
0.028568 1.000000 1.000000 1.000000

f 1.116
0.483

g 1.093
No s 8.722728 -0.098821 -0.098821 -0.0988215.288353 0.497653 0.497653

5.815152 0.729342 0.729342 0.7293423.525569 -1.059146 -1.059146
3.876768 1.000000 -1.146147 -1.1461470.923425 1.000000 0.859944
0.848505 1.000000 1.000000 0.8918030.375702 1.000000 0.519828
0.352884 1.000000 1.000000 0.4426290.076856 1.000000 1.000000
0.077637 1.000000 1.000000 1.0000000.032970 1.000000 1.000000
0.032761 1.000000 1.000000 1.000000

p 6.017508 0.051013 0.051013 0.0510135.937963 0.072491 0.072491
3.572885 -0.187133 -0.187133 -0.1871333.958642 -0.190189 -0.190189
0.917330 1.000000 0.405549 0.4055490.749963 1.000000 0.611629
0.421114 1.000000 1.000000 0.5202280.276729 1.000000 0.484545
0.189622 1.000000 1.000000 0.2095690.081648 1.000000 1.000000
0.073885 1.000000 1.000000 1.000000

d 4.009185 -0.003444 -0.003444 -0.0034445.949534 -0.001120 -0.001120
0.825714 0.135934 0.135934 0.1359340.658990 0.201963 0.201963
0.266486 1.000000 1.000000 0.2964590.163206 1.000000 1.000000
0.087435 1.000000 1.000000 1.0000000.043326 1.000000 1.000000
0.028305 1.000000 1.000000 1.000000

f 1.125
0.489

g 1.119

Table B.2: Exponents and contraction coefficients of the (7s6p5d), (7s6p5d)/[6s5p4d]
{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/3111/2111}, and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5s4p3d] {21111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis sets for the tetravalent (5fn−1,
n=1–9 for Th–Cf) 5f-in-core PPs for actinides [29]. Additionally, the two f and one g
polarization functions are given.

An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]
Th s 5.468457 -0.158387 -0.158387 -0.1583872.944324 0.651902 0.651902

3.645638 0.798282 0.798282 0.7982821.962883 -1.370731 -1.370731
2.212054 1.000000 -1.233689 -1.2336890.621764 1.000000 0.826350
0.483676 1.000000 1.000000 1.0222420.285263 1.000000 0.663031
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Table B.2: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.231972 1.000000 1.000000 0.3448930.070702 1.000000 1.000000
0.068719 1.000000 1.000000 1.0000000.028364 1.000000 1.000000
0.027687 1.000000 1.000000 1.000000

p 2.809462 0.181883 0.181883 0.1818832.973305 0.160561 0.160561
1.872974 -0.497845 -0.497845 -0.4978451.982204 -0.411147 -0.411147
0.839119 1.000000 0.261411 0.2614110.521207 1.000000 0.696137
0.406170 1.000000 1.000000 0.6775510.228925 1.000000 0.452368
0.191253 1.000000 1.000000 0.2870140.083835 1.000000 1.000000
0.080093 1.000000 1.000000 1.000000

d 1.064148 -0.125687 -0.125687 -0.1256871.286162 -0.055464 -0.055464
0.709432 0.142746 0.142746 0.1427460.387118 0.417875 0.417875
0.349245 1.000000 1.000000 0.3612800.150000 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.054712 1.000000 1.000000
0.055361 1.000000 1.000000 1.000000

f 0.912
0.278

g 0.703
Pa s 5.573824 -0.170750 -0.170750 -0.1707503.123244 0.644641 0.644641

3.715801 0.945438 0.945438 0.9454382.082163 -1.353501 -1.353501
2.409281 1.000000 -1.360165 -1.3601650.650725 1.000000 0.833832
0.510683 1.000000 1.000000 1.0129220.296686 1.000000 0.648425
0.243315 1.000000 1.000000 0.3484740.073366 1.000000 1.000000
0.071768 1.000000 1.000000 1.0000000.029225 1.000000 1.000000
0.028658 1.000000 1.000000 1.000000

p 2.988180 0.168687 0.168687 0.1686873.165163 0.151755 0.151755
1.992120 -0.460546 -0.460546 -0.4605462.110109 -0.389044 -0.389044
0.819483 1.000000 0.280433 0.2804330.539872 1.000000 0.693554
0.410720 1.000000 1.000000 0.6523350.235620 1.000000 0.446835
0.194468 1.000000 1.000000 0.2752810.086352 1.000000 1.000000
0.081610 1.000000 1.000000 1.000000

d 1.117356 -0.130854 -0.130854 -0.1308541.442878 -0.046302 -0.046302
0.744904 0.175267 0.175267 0.1752670.401088 0.430372 0.430372
0.344821 1.000000 1.000000 0.3756720.152869 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.055526 1.000000 1.000000
0.056053 1.000000 1.000000 1.000000

f 0.901
0.278

g 0.735
U s 5.800429 -0.156268 -0.156268 -0.1562683.339706 0.612438 0.612438

3.866953 0.939036 0.939036 0.9390362.226471 -1.282943 -1.282943
2.560038 1.000000 -1.353120 -1.3531200.655457 1.000000 0.845180
0.535133 1.000000 1.000000 1.0008500.302082 1.000000 0.603980
0.253494 1.000000 1.000000 0.3503210.075644 1.000000 1.000000
0.074302 1.000000 1.000000 1.0000000.029962 1.000000 1.000000
0.029483 1.000000 1.000000 1.000000
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Table B.2: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

p 3.204743 0.154087 0.154087 0.1540873.363605 0.142637 0.142637
2.136495 -0.417094 -0.417094 -0.4170942.242404 -0.367635 -0.367635
0.765451 1.000000 0.335252 0.3352520.561215 1.000000 0.688528
0.401216 1.000000 1.000000 0.6020780.243270 1.000000 0.444956
0.193892 1.000000 1.000000 0.2496710.088701 1.000000 1.000000
0.081989 1.000000 1.000000 1.000000

d 1.173224 -0.130632 -0.130632 -0.1306321.576705 -0.040131 -0.040131
0.782149 0.194476 0.194476 0.1944760.423677 0.428020 0.428020
0.344966 1.000000 1.000000 0.3905430.159540 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.057249 1.000000 1.000000
0.056544 1.000000 1.000000 1.000000

f 0.901
0.282

g 0.766
Np s 6.058466 -0.133771 -0.133771 -0.1337713.566512 0.578527 0.578527

4.038977 0.878468 0.878468 0.8784682.377675 -1.210922 -1.210922
2.692652 1.000000 -1.298891 -1.2988910.658720 1.000000 0.856603
0.558954 1.000000 1.000000 0.9879070.306245 1.000000 0.560154
0.263475 1.000000 1.000000 0.3525260.077795 1.000000 1.000000
0.076690 1.000000 1.000000 1.0000000.030667 1.000000 1.000000
0.030272 1.000000 1.000000 1.000000

p 3.399345 0.144804 0.144804 0.1448043.550743 0.136005 0.136005
2.266230 -0.390894 -0.390894 -0.3908942.367162 -0.351776 -0.351776
0.746834 1.000000 0.388820 0.3888200.584259 1.000000 0.684071
0.392356 1.000000 1.000000 0.5645870.251456 1.000000 0.444991
0.192425 1.000000 1.000000 0.2238940.090964 1.000000 1.000000
0.082260 1.000000 1.000000 1.000000

d 1.222978 -0.131684 -0.131684 -0.1316841.712762 -0.035549 -0.035549
0.815319 0.212357 0.212357 0.2123570.445930 0.424961 0.424961
0.345970 1.000000 1.000000 0.4017770.165909 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.058808 1.000000 1.000000
0.056895 1.000000 1.000000 1.000000

f 0.914
0.287

g 0.796
Pu s 6.315949 -0.138929 -0.138929 -0.1389293.727244 0.584544 0.584544

4.210633 0.897498 0.897498 0.8974982.484829 -1.220632 -1.220632
2.807088 1.000000 -1.319982 -1.3199820.691633 1.000000 0.867354
0.596166 1.000000 1.000000 0.9740980.317994 1.000000 0.554588
0.279706 1.000000 1.000000 0.3743080.080700 1.000000 1.000000
0.080209 1.000000 1.000000 1.0000000.031608 1.000000 1.000000
0.031383 1.000000 1.000000 1.000000

p 3.608300 0.135678 0.135678 0.1356783.737805 0.129243 0.129243
2.405514 -0.364063 -0.364063 -0.3640632.491870 -0.335448 -0.335448
0.727022 1.000000 0.446372 0.4463720.605052 1.000000 0.679906
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Table B.2: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.377916 1.000000 1.000000 0.5271610.258760 1.000000 0.444262
0.188132 1.000000 1.000000 0.1921820.093075 1.000000 1.000000
0.085303 1.000000 1.000000 1.000000

d 1.278502 -0.129431 -0.129431 -0.1294311.846905 -0.031477 -0.031477
0.852335 0.220327 0.220327 0.2203270.466803 0.421681 0.421681
0.349884 1.000000 1.000000 0.4131030.171736 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.060170 1.000000 1.000000
0.057057 1.000000 1.000000 1.000000

f 0.921
0.292

g 0.826
Am s 6.556178 -0.139519 -0.139519 -0.1395193.865468 0.590748 0.590748

4.370785 0.903028 0.903028 0.9030282.576977 -1.237671 -1.237671
2.913857 1.000000 -1.331147 -1.3311470.736582 1.000000 0.865220
0.632669 1.000000 1.000000 0.9645870.333784 1.000000 0.568803
0.295028 1.000000 1.000000 0.3911880.083607 1.000000 1.000000
0.083492 1.000000 1.000000 1.0000000.032566 1.000000 1.000000
0.032429 1.000000 1.000000 1.000000

p 3.792452 0.129369 0.129369 0.1293693.928879 0.123548 0.123548
2.528297 -0.348048 -0.348048 -0.3480482.619253 -0.321530 -0.321530
0.746079 1.000000 0.453251 0.4532510.626290 1.000000 0.675916
0.385401 1.000000 1.000000 0.5191790.266187 1.000000 0.444135
0.191654 1.000000 1.000000 0.1881580.095135 1.000000 1.000000
0.086887 1.000000 1.000000 1.000000

d 1.321431 -0.127391 -0.127391 -0.1273911.986296 -0.027494 -0.027494
0.880954 0.230271 0.230271 0.2302710.487309 0.417920 0.417920
0.352730 1.000000 1.000000 0.4201660.177323 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.061410 1.000000 1.000000
0.057139 1.000000 1.000000 1.000000

f 0.927
0.296

g 0.856
Cm s 6.810270 -0.128364 -0.128364 -0.1283644.050860 0.579446 0.579446

4.540180 0.868588 0.868588 0.8685882.700573 -1.214836 -1.214836
3.026786 1.000000 -1.304224 -1.3042240.761379 1.000000 0.868963
0.664331 1.000000 1.000000 0.9553590.343839 1.000000 0.556799
0.308011 1.000000 1.000000 0.3998800.086291 1.000000 1.000000
0.086441 1.000000 1.000000 1.0000000.033449 1.000000 1.000000
0.033387 1.000000 1.000000 1.000000

p 3.978111 0.123962 0.123962 0.1239624.121704 0.118650 0.118650
2.652057 -0.334043 -0.334043 -0.3340432.747803 -0.309258 -0.309258
0.766302 1.000000 0.461421 0.4614210.648847 1.000000 0.672198
0.392221 1.000000 1.000000 0.5127200.274020 1.000000 0.444565
0.194590 1.000000 1.000000 0.1825830.097182 1.000000 1.000000
0.088251 1.000000 1.000000 1.000000
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Table B.2: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

d 1.368744 -0.124063 -0.124063 -0.1240632.136760 -0.023835 -0.023835
0.912496 0.236201 0.236201 0.2362010.508190 0.413613 0.413613
0.356888 1.000000 1.000000 0.4268110.182870 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.062576 1.000000 1.000000
0.057095 1.000000 1.000000 1.000000

f 0.934
0.300

g 0.886
Bk s 7.059960 -0.116655 -0.116655 -0.1166554.239436 0.568745 0.568745

4.706640 0.833205 0.833205 0.8332052.826290 -1.193028 -1.193028
3.137760 1.000000 -1.277292 -1.2772920.786266 1.000000 0.872945
0.696913 1.000000 1.000000 0.9469180.353868 1.000000 0.544984
0.321211 1.000000 1.000000 0.4081800.089061 1.000000 1.000000
0.089466 1.000000 1.000000 1.0000000.034363 1.000000 1.000000
0.034370 1.000000 1.000000 1.000000

p 4.171384 0.118510 0.118510 0.1185104.323449 0.113656 0.113656
2.780903 -0.319823 -0.319823 -0.3198232.882300 -0.296579 -0.296579
0.787529 1.000000 0.466936 0.4669360.671303 1.000000 0.668507
0.399931 1.000000 1.000000 0.5072440.281759 1.000000 0.444802
0.197916 1.000000 1.000000 0.1784420.099188 1.000000 1.000000
0.089790 1.000000 1.000000 1.000000

d 1.491810 -0.088617 -0.088617 -0.0886172.292864 -0.020690 -0.020690
0.886379 0.218080 0.218080 0.2180800.529017 0.409081 0.409081
0.356961 1.000000 1.000000 0.4247800.188269 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.063656 1.000000 1.000000
0.057060 1.000000 1.000000 1.000000

f 0.940
0.305

g 0.917
Cf s 7.229916 -0.121318 -0.121318 -0.1213184.325744 0.587566 0.587566

4.819944 0.859321 0.859321 0.8593212.883828 -1.239227 -1.239227
3.213296 1.000000 -1.316454 -1.3164540.841984 1.000000 0.880211
0.740239 1.000000 1.000000 0.9475520.372597 1.000000 0.564639
0.338437 1.000000 1.000000 0.4247270.091868 1.000000 1.000000
0.092748 1.000000 1.000000 1.0000000.035326 1.000000 1.000000
0.035446 1.000000 1.000000 1.000000

p 4.244511 0.131441 0.131441 0.1314414.498179 0.110216 0.110216
2.935243 -0.325240 -0.325240 -0.3252402.998786 -0.287607 -0.287607
0.804472 1.000000 0.473709 0.4737090.692251 1.000000 0.665588
0.406082 1.000000 1.000000 0.5006040.288910 1.000000 0.445449
0.200757 1.000000 1.000000 0.1745940.101055 1.000000 1.000000
0.091034 1.000000 1.000000 1.000000

d 1.625009 -0.065305 -0.065305 -0.0653052.451632 -0.017746 -0.017746
0.861659 0.212309 0.212309 0.2123090.548467 0.404417 0.404417
0.356030 1.000000 1.000000 0.4202080.193196 1.000000 1.000000
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Table B.2: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.150000 1.000000 1.000000 1.0000000.064572 1.000000 1.000000
0.056986 1.000000 1.000000 1.000000

f 0.947
0.309

g 0.947

Table B.3: Exponents and contraction coefficients of the (7s6p5d), (7s6p5d)/[6s5p4d]
{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/3111/2111}, and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5s4p3d] {21111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis sets for the pentavalent (5fn−2,
n=2–6 for Pa–Am) 5f-in-core PPs for actinides [30]. Additionally, the two f and one g
polarization functions are given.

An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]
Pa s 6.132986 -0.143519 -0.143519 -0.1435193.127304 0.681823 0.681823

4.088646 0.663319 0.663319 0.6633192.084855 -1.446673 -1.446673
2.254696 1.000000 -1.159002 -1.1590020.688157 1.000000 0.822992
0.539877 1.000000 1.000000 1.0217780.324979 1.000000 0.693446
0.267869 1.000000 1.000000 0.3745870.079281 1.000000 1.000000
0.076827 1.000000 1.000000 1.0000000.031696 1.000000 1.000000
0.030796 1.000000 1.000000 1.000000

p 2.956749 0.187513 0.187513 0.1875133.130956 0.164099 0.164099
1.971166 -0.520341 -0.520341 -0.5203412.087304 -0.423304 -0.423304
0.944512 1.000000 0.249741 0.2497410.573041 1.000000 0.690540
0.460239 1.000000 1.000000 0.6760240.262503 1.000000 0.448935
0.223701 1.000000 1.000000 0.3047170.107025 1.000000 1.000000
0.098445 1.000000 1.000000 1.000000

d 1.067194 -0.170115 -0.170115 -0.1701151.350788 -0.058675 -0.058675
0.711463 0.276023 0.276023 0.2760230.443728 0.421707 0.421707
0.313444 1.000000 1.000000 0.4156180.182537 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.068750 1.000000 1.000000
0.061304 1.000000 1.000000 1.000000

f 1.017
0.306

g 0.734
U s 6.504343 -0.137055 -0.137055 -0.1370553.314919 0.667464 0.667464

4.336140 0.637144 0.637144 0.6371442.209946 -1.417182 -1.417182
2.377876 1.000000 -1.130446 -1.1304460.720259 1.000000 0.815427
0.568155 1.000000 1.000000 1.0091970.338400 1.000000 0.688409
0.280307 1.000000 1.000000 0.3807510.082149 1.000000 1.000000
0.079813 1.000000 1.000000 1.0000000.032626 1.000000 1.000000
0.031760 1.000000 1.000000 1.000000

p 3.160687 0.170241 0.170241 0.1702413.304717 0.155767 0.155767
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Table B.3: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

2.107125 -0.462405 -0.462405 -0.4624052.203145 -0.403076 -0.403076
0.835051 1.000000 0.307285 0.3072850.593567 1.000000 0.685730
0.444334 1.000000 1.000000 0.6180720.270298 1.000000 0.446659
0.221145 1.000000 1.000000 0.2738150.109845 1.000000 1.000000
0.097624 1.000000 1.000000 1.000000

d 1.110195 -0.168355 -0.168355 -0.1683551.460411 -0.051845 -0.051845
0.740130 0.292639 0.292639 0.2926390.466334 0.420431 0.420431
0.316760 1.000000 1.000000 0.4273520.190023 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.070892 1.000000 1.000000
0.061693 1.000000 1.000000 1.000000

f 0.975
0.301

g 0.762
Np s 6.821741 -0.133147 -0.133147 -0.1331473.445732 0.675578 0.675578

4.547828 0.631925 0.631925 0.6319252.297155 -1.457351 -1.457351
2.515128 1.000000 -1.119127 -1.1191270.820301 1.000000 0.767844
0.593735 1.000000 1.000000 1.0023470.366318 1.000000 0.768379
0.291083 1.000000 1.000000 0.3799990.085724 1.000000 1.000000
0.082683 1.000000 1.000000 1.0000000.033821 1.000000 1.000000
0.032691 1.000000 1.000000 1.000000

p 3.315850 0.163057 0.163057 0.1630573.430082 0.150405 0.150405
2.210567 -0.442359 -0.442359 -0.4423592.286721 -0.394064 -0.394064
0.831837 1.000000 0.335681 0.3356810.622849 1.000000 0.675053
0.446741 1.000000 1.000000 0.5947730.281444 1.000000 0.456797
0.223742 1.000000 1.000000 0.2614540.112495 1.000000 1.000000
0.098741 1.000000 1.000000 1.000000

d 1.172505 -0.166827 -0.166827 -0.1668271.574459 -0.048339 -0.048339
0.781670 0.295898 0.295898 0.2958980.488698 0.418756 0.418756
0.324572 1.000000 1.000000 0.4426960.197216 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.072854 1.000000 1.000000
0.061817 1.000000 1.000000 1.000000

f 0.956
0.302

g 0.790
Pu s 7.352458 -0.116471 -0.116471 -0.1164713.705929 0.629616 0.629616

4.901638 0.549019 0.549019 0.5490192.470619 -1.344135 -1.344135
2.612308 1.000000 -1.039983 -1.0399830.785316 1.000000 0.788786
0.620947 1.000000 1.000000 0.9883760.365895 1.000000 0.685647
0.302882 1.000000 1.000000 0.3847970.088023 1.000000 1.000000
0.085489 1.000000 1.000000 1.0000000.034539 1.000000 1.000000
0.033617 1.000000 1.000000 1.000000

p 3.523566 0.151036 0.151036 0.1510363.661456 0.141643 0.141643
2.349044 -0.407907 -0.407907 -0.4079072.440971 -0.368101 -0.368101
0.808614 1.000000 0.380308 0.3803080.636395 1.000000 0.677317
0.439947 1.000000 1.000000 0.5549850.286380 1.000000 0.443669
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Table B.3: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.223619 1.000000 1.000000 0.2424890.115306 1.000000 1.000000
0.098586 1.000000 1.000000 1.000000

d 1.227089 -0.157613 -0.157613 -0.1576131.689265 -0.042046 -0.042046
0.818059 0.291867 0.291867 0.2918670.510712 0.416310 0.416310
0.337965 1.000000 1.000000 0.4407240.204181 1.000000 1.000000
0.154987 1.000000 1.000000 1.0000000.074681 1.000000 1.000000
0.063342 1.000000 1.000000 1.000000

f 0.952
0.305

g 0.819
Am s 7.733388 -0.113694 -0.113694 -0.1136943.928284 0.612700 0.612700

5.155592 0.536989 0.536989 0.5369892.618856 -1.299944 -1.299944
2.739680 1.000000 -1.025253 -1.0252530.785344 1.000000 0.815675
0.650629 1.000000 1.000000 0.9793390.370235 1.000000 0.634612
0.315622 1.000000 1.000000 0.3901650.090678 1.000000 1.000000
0.088756 1.000000 1.000000 1.0000000.035387 1.000000 1.000000
0.034674 1.000000 1.000000 1.000000

p 3.727995 0.141694 0.141694 0.1416943.849157 0.134723 0.134723
2.485330 -0.380163 -0.380163 -0.3801632.566105 -0.350564 -0.350564
0.785834 1.000000 0.440094 0.4400940.657137 1.000000 0.673531
0.423760 1.000000 1.000000 0.5145980.294044 1.000000 0.441799
0.218808 1.000000 1.000000 0.2139890.117875 1.000000 1.000000
0.096512 1.000000 1.000000 1.000000

d 1.295391 -0.150139 -0.150139 -0.1501391.807675 -0.038149 -0.038149
0.863594 0.281570 0.281570 0.2815700.532299 0.413741 0.413741
0.355154 1.000000 1.000000 0.4379600.210843 1.000000 1.000000
0.161330 1.000000 1.000000 1.0000000.076355 1.000000 1.000000
0.065160 1.000000 1.000000 1.000000

f 0.952
0.310

g 0.847

Table B.4: Exponents and contraction coefficients of the (7s6p5d), (7s6p5d)/[6s5p4d]
{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/3111/2111}, and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5s4p3d] {21111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis sets for the hexavalent (5fn−3,
n=3–6 for U–Am) 5f-in-core PPs for actinides [30]. Additionally, the two f and one g
polarization functions are given.

An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]
U s 5.777619 -0.224778 -0.224778 -0.2247782.965398 0.942263 0.942263

3.851500 1.181527 1.181527 1.1815271.976431 -2.250561 -2.250561
2.499039 1.000000 -1.653779 -1.6537791.087315 1.000000 1.074213
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Table B.4: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.597383 1.000000 1.000000 1.0507470.407198 1.000000 0.963501
0.303537 1.000000 1.000000 0.3900810.090236 1.000000 1.000000
0.085200 1.000000 1.000000 1.0000000.036147 1.000000 1.000000
0.033918 1.000000 1.000000 1.000000

p 5.053602 -0.019953 -0.019953 -0.0199533.215541 0.173929 0.173929
3.369068 0.225455 0.225455 0.2254552.143694 -0.450876 -0.450876
2.246046 1.000000 -0.471844 -0.4718440.628030 1.000000 0.683015
0.614521 1.000000 1.000000 0.6917870.297698 1.000000 0.455291
0.292693 1.000000 1.000000 0.4379700.128416 1.000000 1.000000
0.127542 1.000000 1.000000 1.000000

d 1.090623 -0.170429 -0.170429 -0.1704291.347682 -0.059524 -0.059524
0.727082 0.327830 0.327830 0.3278300.510652 0.411309 0.411309
0.324934 1.000000 1.000000 0.4269110.219840 1.000000 1.000000
0.160567 1.000000 1.000000 1.0000000.083802 1.000000 1.000000
0.067945 1.000000 1.000000 1.000000

f 1.199
0.356

g 0.766
Np s 6.270359 -0.192963 -0.192963 -0.1929633.171367 0.885207 0.885207

4.179579 0.968049 0.968049 0.9680492.114245 -2.070958 -2.070958
2.568653 1.000000 -1.461026 -1.4610261.104517 1.000000 0.967041
0.627355 1.000000 1.000000 1.0312240.422014 1.000000 0.951448
0.317619 1.000000 1.000000 0.4015210.093268 1.000000 1.000000
0.088178 1.000000 1.000000 1.0000000.037118 1.000000 1.000000
0.034900 1.000000 1.000000 1.000000

p 5.305896 -0.017012 -0.017012 -0.0170123.391119 0.165078 0.165078
3.537264 0.209254 0.209254 0.2092542.260746 -0.428221 -0.428221
2.358176 1.000000 -0.446389 -0.4463890.647970 1.000000 0.678711
0.635597 1.000000 1.000000 0.6870270.305647 1.000000 0.451108
0.300929 1.000000 1.000000 0.4357380.131542 1.000000 1.000000
0.130713 1.000000 1.000000 1.000000

d 1.127203 -0.165108 -0.165108 -0.1651081.436375 -0.052455 -0.052455
0.751468 0.337442 0.337442 0.3374420.532570 0.409933 0.409933
0.331220 1.000000 1.000000 0.4295550.227582 1.000000 1.000000
0.162417 1.000000 1.000000 1.0000000.086071 1.000000 1.000000
0.068661 1.000000 1.000000 1.000000

f 1.066
0.329

g 0.795
Pu s 6.824056 -0.165622 -0.165622 -0.1656223.424235 0.809925 0.809925

4.549333 0.806186 0.806186 0.8061862.282824 -1.842262 -1.842262
2.665742 1.000000 -1.305994 -1.3059941.089376 1.000000 0.845177
0.651837 1.000000 1.000000 1.0164810.433681 1.000000 0.924309
0.328159 1.000000 1.000000 0.3998950.096549 1.000000 1.000000
0.091144 1.000000 1.000000 1.0000000.038120 1.000000 1.000000
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Table B.4: (continued).
An (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

0.035874 1.000000 1.000000 1.000000
p 5.563405 -0.012302 -0.012302 -0.0123023.591427 0.155230 0.155230

3.708937 0.187517 0.187517 0.1875172.394284 -0.402625 -0.402625
2.472624 1.000000 -0.416448 -0.4164480.667857 1.000000 0.673726
0.658940 1.000000 1.000000 0.6794550.313485 1.000000 0.446390
0.310025 1.000000 1.000000 0.4360730.134646 1.000000 1.000000
0.133880 1.000000 1.000000 1.000000

d 1.177699 -0.155539 -0.155539 -0.1555391.526316 -0.045974 -0.045974
0.785133 0.331259 0.331259 0.3312590.554588 0.408291 0.408291
0.345487 1.000000 1.000000 0.4264590.235205 1.000000 1.000000
0.168585 1.000000 1.000000 1.0000000.088229 1.000000 1.000000
0.070697 1.000000 1.000000 1.000000

f 1.032
0.327

g 0.823
Am s 7.328600 -0.149786 -0.149786 -0.1497863.676233 0.749578 0.749578

4.885732 0.712613 0.712613 0.7126132.450822 -1.659002 -1.659002
2.762048 1.000000 -1.217373 -1.2173731.036368 1.000000 0.784016
0.679956 1.000000 1.000000 1.0047110.439234 1.000000 0.867115
0.340677 1.000000 1.000000 0.4034900.099186 1.000000 1.000000
0.094277 1.000000 1.000000 1.0000000.038906 1.000000 1.000000
0.036909 1.000000 1.000000 1.000000

p 5.806696 -0.008625 -0.008625 -0.0086253.779297 0.147744 0.147744
3.871130 0.170603 0.170603 0.1706032.519531 -0.382953 -0.382953
2.580754 1.000000 -0.392918 -0.3929180.688466 1.000000 0.670314
0.682076 1.000000 1.000000 0.6741210.321509 1.000000 0.442971
0.319005 1.000000 1.000000 0.4361640.137679 1.000000 1.000000
0.136981 1.000000 1.000000 1.000000

d 1.214926 -0.149320 -0.149320 -0.1493201.591694 -0.041863 -0.041863
0.809950 0.330653 0.330653 0.3306530.574192 0.407967 0.407967
0.356055 1.000000 1.000000 0.4238720.241895 1.000000 1.000000
0.173127 1.000000 1.000000 1.0000000.090084 1.000000 1.000000
0.072173 1.000000 1.000000 1.000000

f 1.014
0.327

g 0.849



159

Table B.5: Energy differences (in eV) between finite-difference [55] and divalent (5fn+1, n=5–13
for Pu–No;Q = 10) PP HF calculations [57] using (4s4p) and (5s5p) as well as (6s5p4d)
and (7s6p5d) valence basis sets to calculate the configurations An2+: 6s26p6 and An:
6s26p66d17s1, respectively [29]. For the tetravalent (5fn−1, n=1–9 for Th–Cf; Q =

12) PPs the energy differences between finite-difference and PP HF calculations using
(4s4p3d) and (5s5p4d) as well as (6s5p4d) and (7s6p5d) valence basis sets to calculate
the configurations An3+: 6s26p66d1 and An: 6s26p66d27s2 are given, respectively [29].

Q = 10 Q = 12

An2+: 6s26p6 An: 6s26p66d17s1 An3+: 6s26p66d1 An: 6s26p66d27s2

An (4s4p) (5s5p) (6s5p4d) (7s6p5d) (4s4p3d) (5s5p4d) (6s5p4d) (7s6p5d)
Th 0.088 0.030 0.084 0.025
Pa 0.091 0.027 0.089 0.025
U 0.088 0.028 0.085 0.028
Np 0.088 0.031 0.083 0.034
Pu 0.059 0.007 0.066 0.011 0.098 0.034 0.092 0.039
Am 0.060 0.008 0.070 0.012 0.107 0.039 0.101 0.045
Cm 0.062 0.010 0.074 0.014 0.115 0.047 0.109 0.055
Bk 0.069 0.012 0.084 0.017 0.127 0.058 0.119 0.068
Cf 0.078 0.014 0.096 0.019 0.140 0.065 0.132 0.077
Es 0.079 0.019 0.102 0.025
Fm 0.087 0.022 0.115 0.029
Md 0.095 0.025 0.130 0.033
No 0.105 0.026 0.145 0.035

Table B.6: Energy differences (in eV) between finite-difference [55] and pentavalent (5fn−2, n=2–
6 for Pa–Am;Q = 13) PP HF calculations [57] using (4s4p3d) and (5s5p4d) as wellas
(6s5p4d) and (7s6p5d) valence basis sets to calculate the configurations An4+: 6s26p66d1

and An: 6s26p66d37s2, respectively [30]. For the hexavalent (5fn−3, n=3–6 for U–Am;
Q = 14) PPs the energy differences between finite-difference and PP HF calculations us-
ing (4s4p3d) and (5s5p4d) as well as (6s5p4d) and (7s6p5d) valence basis sets to calculate
the configurations An5+: 6s26p66d1 and An: 6s26p66d47s2 are given, respectively [30].

Q = 13 Q = 14

An4+: 6s26p66d1 An: 6s26p66d37s2 An5+: 6s26p66d1 An: 6s26p66d47s2

An (4s4p3d) (5s5p4d) (6s5p4d) (7s6p5d) (4s4p3d) (5s5p4d) (6s5p4d) (7s6p5d)
Pa 0.089 0.012 0.103 0.021
U 0.087 0.011 0.100 0.020 0.120 0.021 0.153 0.040
Np 0.086 0.011 0.097 0.019 0.113 0.023 0.145 0.042
Pu 0.079 0.011 0.090 0.019 0.106 0.025 0.139 0.045
Am 0.080 0.011 0.091 0.020 0.104 0.028 0.139 0.049
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Table B.7: Energy differences (in eV) between finite-difference [55] and divalent (5fn+1, n=5–13 for Pu–No;Q = 10) PP HF calculations [52] using
(6s5p4d)/[4s3p3d], (6s5p4d)/[5s4p3d], (7s6p5d)/[4s3p3d], (7s6p5d)/[5s4p4d], and (7s6p5d)/[6s5p4d] valence basis sets to calculate the con-
figuration An: 6s26p66d17s1 [29]. For the tetravalent (5fn−1, n=1–9 for Th–Cf;Q = 12) PPs the energy differences between finite-difference
and PP HF calculations using these valence basis sets to calculate the configuration An: 6s26p66d27s2 are given [29].

Q = 10 Q = 12

(6s5p4d)/ (7s6p5d)/ (6s5p4d)/ (7s6p5d)/
An [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d] [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d]
Th 0.122 0.117 0.057 0.057 0.026
Pa 0.127 0.120 0.057 0.056 0.026
U 0.118 0.113 0.058 0.056 0.029
Np 0.112 0.108 0.061 0.060 0.035
Pu 0.081 0.071 0.024 0.015 0.011 0.124 0.117 0.068 0.065 0.040
Am 0.085 0.074 0.026 0.016 0.012 0.135 0.126 0.077 0.071 0.046
Cm 0.090 0.078 0.029 0.019 0.015 0.143 0.132 0.087 0.080 0.056
Bk 0.102 0.088 0.034 0.021 0.017 0.153 0.142 0.100 0.093 0.069
Cf 0.118 0.100 0.040 0.024 0.020 0.172 0.157 0.115 0.104 0.079
Es 0.122 0.106 0.044 0.029 0.025
Fm 0.138 0.119 0.051 0.033 0.029
Md 0.155 0.134 0.058 0.038 0.034
No 0.177 0.150 0.066 0.041 0.035
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Table B.8: Energy differences (in eV) between finite-difference [55] and pentavalent (5fn−2, n=2–6 for Pa–Am;Q = 13) PP HF calculations [52]

using (6s5p4d)/[4s3p3d], (6s5p4d)/[5s4p3d], (7s6p5d)/[4s3p3d], (7s6p5d)/[5s4p4d], and (7s6p5d)/[6s5p4d] valence basis sets to calculate the
configuration An: 6s26p66d37s2 [30]. For the hexavalent (5fn−3, n=3–6 for U–Am;Q = 14) PPs the energy differences between finite-
difference and PP HF calculations using these valence basissets to calculate the configuration An: 6s26p66d47s2 are given [30].

Q = 13 Q = 14

(6s5p4d)/ (7s6p5d)/ (6s5p4d)/ (7s6p5d)/
An [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d] [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d]
Pa 0.164 0.159 0.075 0.075 0.023
U 0.157 0.152 0.071 0.071 0.022 0.324 0.249 0.125 0.124 0.044
Np 0.157 0.148 0.068 0.067 0.021 0.290 0.236 0.121 0.120 0.046
Pu 0.139 0.134 0.064 0.063 0.021 0.251 0.220 0.115 0.115 0.048
Am 0.137 0.132 0.063 0.062 0.021 0.228 0.212 0.114 0.114 0.051
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Table B.9: Exponents and contraction coefficients of the (7s6p5d), (7s6p5d)/[6s5p4d]
{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/2211/2111}, and (7s6p5d)/[4s3p3d]
{3211/411/311} as well as of the (6s5p4d), (6s5p4d)/[5s4p3d] {21111/2111/211}, and
(6s5p4d)/[4s3p3d] {3111/311/211} GTO valence basis setsa for the tetravalent (4fn−1,
n=1–3, 8, 9 for Ce–Nd, Tb, Dy) 4f-in-core PPs for lanthanides [28]. Additionally, the two f
and one g polarization functions are given.

Ln (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]
Ce s 6.498173 -0.164521 -0.164521 -0.1645213.333203 0.640046 0.640046

4.332116 0.712041 0.712041 0.7120412.222136 -1.317178 -1.317178
2.454114 1.000000 -1.120622 -1.1206220.658203 1.000000 0.790993
0.521019 1.000000 1.000000 0.9824030.301946 1.000000 1.000000
0.248300 1.000000 1.000000 0.3644490.062055 1.000000 1.000000
0.064112 1.000000 1.000000 1.0000000.025345 1.000000 1.000000
0.025705 1.000000 1.000000 1.000000

p 3.656443 0.155547 0.155547 0.1555473.783090 0.145862 0.145862
2.437629 -0.411357 -0.411357 -0.4113572.522060 -0.373683 -0.373683
0.804966 1.000000 0.369656 0.3696560.623777 1.000000 0.677334
0.420218 1.000000 0.581143 0.5811430.266554 1.000000 1.000000
0.204082 1.000000 1.000000 1.0000000.092153 1.000000 1.000000
0.083900 1.000000 1.000000 1.000000

d 1.454210 -0.209427 –0.209427 -0.2094271.937939 -0.067371 -0.067371
0.969473 0.297463 0.297463 0.2974630.527082 0.453919 0.453919
0.358359 1.000000 1.000000 0.4857140.190426 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000000.066784 1.000000 1.000000
0.060100 1.000000 1.000000 1.000000

f 0.992
0.324

g 0.835
Pr s 6.764679 -0.156672 -0.156672 -0.1566723.498540 0.622914 0.622914

4.509786 0.696973 0.696973 0.6969732.332360 -1.286578 -1.286578
2.576083 1.000000 -1.103512 -1.1035120.683341 1.000000 0.784805
0.542333 1.000000 1.000000 0.9740490.312246 1.000000 1.000000
0.257175 1.000000 1.000000 0.3660600.063938 1.000000 1.000000
0.066033 1.000000 1.000000 1.0000000.025982 1.000000 1.000000
0.026344 1.000000 1.000000 1.000000

p 3.839265 0.148110 0.148110 0.1481104.000062 0.139431 0.139431
2.559510 -0.394349 -0.394349 -0.3943492.666708 -0.357004 -0.357004
0.826273 1.000000 0.378055 0.3780550.642891 1.000000 0.677207
0.429633 1.000000 0.572263 0.5722630.273219 1.000000 1.000000
0.208455 1.000000 1.000000 1.0000000.094304 1.000000 1.000000
0.085533 1.000000 1.000000 1.000000

d 1.495839 -0.235458 -0.235458 -0.2354582.088603 -0.061917 -0.061917
1.048004 0.325735 0.325735 0.3257350.549009 0.450503 0.450503
0.369529 1.000000 1.000000 0.4934640.196381 1.000000 1.000000
0.151566 1.000000 1.000000 1.0000000.068210 1.000000 1.000000
0.060333 1.000000 1.000000 1.000000
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Table B.9: (continued).
Ln (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

f 0.995
0.327

g 0.866
Nd s 7.125040 -0.139986 -0.139986 -0.1399863.670677 0.598862 0.598862

4.750027 0.637428 0.637428 0.6374282.447118 -1.247317 -1.247317
2.687669 1.000000 -1.045597 -1.0455970.717401 1.000000 0.760311
0.561486 1.000000 1.000000 0.9647070.325254 1.000000 1.000000
0.264971 1.000000 1.000000 0.3647760.065757 1.000000 1.000000
0.067869 1.000000 1.000000 1.0000000.026615 1.000000 1.000000
0.026954 1.000000 1.000000 1.000000

p 4.039866 0.139883 0.139883 0.1398834.222577 0.132128 0.132128
2.693244 -0.375612 -0.375612 -0.3756122.815051 -0.340008 -0.340008
0.850954 1.000000 0.382121 0.3821210.665613 1.000000 0.673530
0.440767 1.000000 0.565268 0.5652680.281142 1.000000 1.000000
0.213406 1.000000 1.000000 1.0000000.096418 1.000000 1.000000
0.087318 1.000000 1.000000 1.000000

d 1.685274 -0.153534 -0.153534 -0.1535342.250932 -0.056678 -0.056678
1.003460 0.259724 0.259724 0.2597240.571488 0.446659 0.446659
0.375777 1.000000 1.000000 0.4863160.202338 1.000000 1.000000
0.154095 1.000000 1.000000 1.0000000.069586 1.000000 1.000000
0.061077 1.000000 1.000000 1.000000

f 1.007
0.332

g 0.899
Tb s 8.864395 -0.091411 -0.091411 -0.0914114.733798 0.497666 0.497666

5.909597 0.468468 0.468468 0.4684683.155865 -1.036011 -1.036011
3.249746 1.000000 -0.881094 -0.8810940.742729 1.000000 0.837221
0.677911 1.000000 1.000000 0.9188200.343473 1.000000 1.000000
0.313284 1.000000 1.000000 0.3830160.077122 1.000000 1.000000
0.078044 1.000000 1.000000 1.0000000.030207 1.000000 1.000000
0.030329 1.000000 1.000000 1.000000

p 5.135357 0.109188 0.109188 0.1091885.350305 0.105396 0.105396
3.417168 -0.299934 -0.299934 -0.2999343.566870 -0.276891 -0.276891
0.953081 1.000000 0.422822 0.4228220.787431 1.000000 0.656596
0.483900 1.000000 0.521816 0.5218160.322548 1.000000 1.000000
0.234632 1.000000 1.000000 1.0000000.106344 1.000000 1.000000
0.094850 1.000000 1.000000 1.000000

d 2.486442 -0.069396 -0.069396 -0.0693963.116672 -0.038069 -0.038069
0.999118 0.235607 0.235607 0.2356070.685808 0.425550 0.425550
0.403325 1.000000 1.000000 0.4571610.230483 1.000000 1.000000
0.164460 1.000000 1.000000 1.0000000.075422 1.000000 1.000000
0.063727 1.000000 1.000000 1.000000

f 1.092
0.356



164 CHAPTER B BASIS SETS

Table B.9: (continued).
Ln (7s6p5d)/ [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d] [4s3p3d]

g 1.062
Dy s 9.036326 -0.086301 -0.086301 -0.0863014.946819 0.485099 0.485099

6.024218 0.475836 0.475836 0.4758363.297879 -1.011025 -1.011025
3.405647 1.000000 -0.885180 -0.8851800.758794 1.000000 0.844454
0.700604 1.000000 1.000000 0.9142580.349639 1.000000 1.000000
0.322309 1.000000 1.000000 0.3821430.079463 1.000000 1.000000
0.080304 1.000000 1.000000 1.0000000.030956 1.000000 1.000000
0.031066 1.000000 1.000000 1.000000

p 5.376580 0.102722 0.102722 0.1027225.580222 0.101635 0.101635
3.555459 -0.287060 -0.287060 -0.2870603.720148 -0.267577 -0.267577
0.974988 1.000000 0.433087 0.4330870.813232 1.000000 0.653770
0.489507 1.000000 0.517024 0.5170240.331161 1.000000 1.000000
0.236874 1.000000 1.000000 1.0000000.108282 1.000000 1.000000
0.096092 1.000000 1.000000 1.000000

d 2.628502 -0.064009 -0.064009 -0.0640093.296408 -0.035489 -0.035489
1.020405 0.235625 0.235625 0.2356250.708915 0.421208 0.421208
0.410965 1.000000 1.000000 0.4530280.235803 1.000000 1.000000
0.166876 1.000000 1.000000 1.0000000.076403 1.000000 1.000000
0.064225 1.000000 1.000000 1.000000

f 1.113
0.361

g 1.096
aThe valence basis sets were optimized by M. Hülsen.

Table B.10: Energy differences (in eV) between finite-difference [55] and tetravalent (4fn−1, n=1–
3, 8, 9 for Ce–Nd, Tb, Dy) PP HF calculations [57] using (4s4p3d) and (5s5p4d) as
well as (6s5p4d) and (7s6p5d) valence basis sets to calculate the configurations Ln3+:
5s25p55d1 and Ln: 5s25p65d26s2, respectively [28].

Ln3+: 5s25p65d1 Ln: 5s25p65d26s2

Ln (4s4p3d) (5s5p4d) (6s5p4d) (7s6p5d)
Ce 0.149 0.021 0.146 0.026
Pr 0.144 0.019 0.138 0.024
Nd 0.135 0.018 0.126 0.022
Tb 0.133 0.017 0.110 0.021
Dy 0.138 0.019 0.112 0.022
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Table B.11: Energy differences (in eV) between finite-difference [55] and tetravalent (4fn−1,
n=1–3, 8, 9 for Ce–Nd, Tb, Dy) PP HF calculations [52] using (6s5p4d)/[4s3p3d],
(6s5p4d)/[5s4p3d], (7s6p5d)/[4s3p3d], (7s6p5d)/[5s4p4d], and (7s6p5d)/[6s5p4d] va-
lence basis sets to calculate the configuration Ln: 5s25p65d26s2 [28].

(6s5p4d)/ (7s6p5d)/
Ln [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d]
Ce 0.188 0.167 0.064 0.047 0.027
Pr 0.181 0.158 0.061 0.043 0.025
Nd 0.168 0.144 0.056 0.039 0.023
Tb 0.193 0.123 0.053 0.034 0.022
Dy 0.203 0.124 0.054 0.035 0.023

Table B.12: Exponents and contraction coefficients (coeff.) of the (14s13p10d8f6g)/[6s6p5d4f3g] gen-
eralized contracted ANO valence basis seta of the 5f-in-valence MCDHF/DCB PP for
uranium [16].

Exponents Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.
s 29520.8340 0.000044 -0.000033 0.000014 -0.000040 -0.000052 -0.000106

4449.8874 0.000320 -0.000252 0.000103 -0.000298 -0.000339 -0.000790
1018.7754 0.001395 -0.001015 0.000411 -0.001259 -0.001749 -0.003263
289.5348 0.002814 -0.002415 0.001004 -0.002775 -0.002574-0.007528
46.9990 0.096435 -0.039561 0.014267 -0.050598 -0.114002 -0.096221
33.5707 -0.487967 0.218831 -0.081043 0.253466 0.460601 0.485331
23.9791 0.807508 -0.397990 0.150715 -0.440238 -0.667382 -0.882533
10.1441 -1.127504 0.664738 -0.259766 0.745253 0.973604 1.727216
2.7658 1.060527 -1.013418 0.420775 -1.600118 -2.866306 -7.334892
1.4570 0.400292 -0.393365 0.189368 0.109425 2.637145 11.247552
0.6151 0.016450 0.904344 -0.540005 2.867628 0.781971 -9.107755
0.2780 -0.000219 0.518022 -0.412368 -2.240568 -2.330988 4.807540
0.0570 -0.000042 0.073065 0.784983 -0.564799 2.737967 -1.837764
0.0233 -0.000176 0.029494 0.424189 1.005222 -1.958184 0.966838

p 499.7488 0.000219 -0.000127 0.000103 -0.000219 -0.000595 0.000338
114.0192 0.001190 -0.000643 0.000473 -0.000353 0.001246 0.002000
21.9088 -0.042782 0.018120 -0.011387 -0.018092 -0.195716-0.062289
15.6492 0.324353 -0.166453 0.121930 -0.055835 0.559357 0.603816
11.1780 -0.511529 0.306811 -0.234776 0.157684 -0.775626 -1.392522
7.9843 -0.071299 -0.014845 0.011640 0.140305 0.968111 0.608885
3.1325 0.704008 -0.476924 0.408928 -0.907514 -2.680683 2.933431
1.6077 0.465061 -0.276612 0.240978 0.013107 2.940086 -5.469685
0.7061 0.054229 0.480908 -0.888499 1.811441 -0.333255 5.883058
0.3229 -0.001819 0.615543 -0.081066 -1.372113 -2.202343 -4.876290
0.1329 0.002302 0.158324 0.350416 -1.074410 3.526594 3.141966
0.0800 -0.001129 -0.005358 0.613368 1.296881 -1.910003 -0.903616
0.0271 0.000143 0.003348 0.144497 0.249768 -0.256716 -0.504585
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Table B.12: (continued).
Exponents Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.

d 258.1524 0.000136 -0.000042 -0.000027 -0.000293 -0.000057
75.1703 0.001076 -0.000450 -0.001045 0.003467 -0.001967
20.7869 0.012136 -0.003939 -0.004760 -0.009267 -0.010974
7.6295 -0.229921 0.084412 0.128096 -0.010746 0.427668
5.5167 0.278231 -0.113456 -0.162964 -0.060234 -0.708332
2.6058 0.551975 -0.213270 -0.463388 1.266130 -1.037124
1.2781 0.377844 -0.100722 -0.054235 -1.508105 2.617986
0.5617 0.074069 0.321783 1.072575 0.062980 -2.545826
0.2135 0.000082 0.561639 -0.281443 1.054738 1.686553
0.0719 0.000484 0.344991 -0.608317 -0.898798 -0.787351

f 59.3666 0.001424 -0.001690 -0.002261 -0.000347
20.3890 0.011120 -0.011132 -0.018893 0.030982
8.1761 0.041970 -0.050308 -0.067853 -0.008213
3.5111 0.207732 -0.221735 -0.414443 0.721303
1.6789 0.370755 -0.378340 -0.431246 -0.469218
0.7604 0.373775 -0.013232 1.002423 -0.747053
0.3170 0.252996 0.525098 -0.036904 1.376481
0.1149 0.097955 0.473370 -0.612297 -0.944182

g 59.3666 0.001014 0.003561 -0.000733
20.3890 0.011848 0.028234 -0.075550
8.1761 0.039302 0.137274 -0.064958
3.5111 0.124196 0.304284 -1.260170
1.6789 0.233870 0.787343 1.661908
0.7604 0.684875 -0.903712 -0.787501

aThe valence basis set was optimized by X. Cao.



Appendix C

Test Calculations and Applications

Table C.1: First and second IPs (in eV) for the actinides, where the 5f occupation stays constant, from
5f-in-core LPP CCSD(T) calculations [52] with and without using CPPs in comparison to
experimental [59–61] and SPP multi-reference ACPF calculations without SO coupling at
the basis set limit [21], respectively. In the LPP calculations (7s6p5d2f1g) basis sets were
applied. Additionally, the m.a.e. (in eV) and m.r.e. are given with respect to experimental
and SPP data for IP1 and IP2, respectively.

IP1 IP2

An LPP CPPa Exp. LPP CPPa SPP
Ac 4.99 4.94 5.17±0.12 11.68 11.71 11.78±0.19b

Th 6.11 6.15 6.31
Pa 5.13 5.09 5.90±0.12 12.51 12.67 12.07c

U 5.13 5.09 6.19
Np 6.19 6.24 6.27
Pu 5.77 5.89 6.03 11.28 11.54 11.55
Am 5.84 5.97 5.97 11.43 11.69 11.71
Cm 4.92 4.94 5.99
Bk 5.98 6.10 6.20 11.72 11.98 11.97
Cf 6.05 6.17 6.28 11.86 12.11 12.04
Es 6.12 6.24 6.37 12.02 12.25 12.20
Fm 6.19 6.30 6.50±0.07 12.16 12.39 12.38
Md 6.26 6.37 6.58 12.31 12.53 12.46
No 6.33 6.44 6.65 12.45 12.64 12.58
Lr 3.42 3.43 3.97d 14.24 14.35 14.24

m.a.e. 0.40 0.33 0.20 0.10
m.r.e. 6.8% 5.8% 1.7% 0.8%

aLPP calculations using CPPs.
bExperimental value.
cSPP calculation using the standard basis set (14s13p10d8f6g)/[6s6p5d4f3g].
dSPP CCSD(T) value.
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Table C.2: Experimentally observed ground states [71] and AE WB energydifferences (in eV) be-
tween these ground states and the lowest valence substate corresponding to di- (5fn+1,
n=5–13 for Pu–No) [29], tri- (5fn, n=0–14 for Ac–Lr) [54], and tetravalent (5fn−1, n=1–
9 for Th–Cf) [29] 5f-in-core LPPs, respectively.

Ground State 5fn+16s26p67s2 5fn6s26p66d17s2 5fn−16s26p66d27s2

An Configuration Term Term ∆Ea Termb ∆Ec Term ∆Ed

Ac 5f06d17s2 2D 2D 0.00
Th 5f06d27s2 3F 3H 1.31 3F 0.00
Pa 5f26d17s2 4K 4K 0.00 4I 0.06
U 5f36d17s2 5L 5L 0.00 5L 1.08
Np 5f46d17s2 6L 6L 0.00 6M 1.49
Pu 5f67s2 7F 7F 0.00 7K -0.32 7M 1.74
Am 5f77s2 8S 8S 0.00 8H 1.54 8L 5.12
Cm 5f76d17s2 9D 7F 2.68 9D 0.00 9I 5.37
Bk 5f97s2 6H 6H 0.00 8G 10F -0.04
Cf 5f107s2 5I 5I 0.00 7K 1.19 9I 3.93
Es 5f117s2 4I 4I 0.00 6I

Fm 5f127s2 3H 3H 0.00 5L 1.70
Md 5f137s2 2F 2F 0.00 4K 3.08
No 5f147s2 1S 1S 0.00 3H 5.08
Lr 5f147s27p1 2P 2D 0.02

a∆E = E(5fn+16s26p67s2) − E(ground state).
bFor Bk and Es no AE WB energy corrections could be calculated,because there is more than one
possibility to couple 5fn and 6d1 to obtain the desired LS-states8G and6I, respectively.
c∆E = E(5fn6s26p66d17s2) − E(ground state).
d∆E = E(5fn−16s26p66d27s2) − E(ground state).

Table C.3: Experimentally observed ground states [71] and AE WB energydifferences (in eV) be-
tween these ground states and the lowest valence substate corresponding to pentavalent
5f-in-core LPPs (5fn−2, n=2–6 for Pa–Am) and the hexavalent LPP for uranium (5fn−3,
n=3), respectively [30].

Ground State 5fn−26s26p66d37s2 5fn−36s26p66d47s2

An Configuration Term Term ∆Ea Term ∆Eb

Pa 5f26d17s2 4K 4F 2.39
U 5f36d17s2 5L 5I 5.29 5D 11.86
Np 5f46d17s2 6L 6L 8.21
Pu 5f67s2 7F 7M 11.44
Am 5f77s2 8S 8M 15.98

a∆E = E(5fn−26s26p66d37s2) − E(ground state).
b∆E = E(5fn−36s26p66d47s2) − E(ground state).
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Table C.4: Experimentally observed ground states [71] and AE DHF energy differences (in eV) be-
tween these ground states and the lowest valence substate corresponding to di- (5fn+1,
n=5–13 for Pu–No) [29], tri- (5fn, n=0–14 for Ac–Lr) [54], and tetravalent (5fn−1, n=1–
9 for Th–Cf) [29] 5f-in-core LPPs, respectively.

Ground State 5fn+16s26p67s2 5fn6s26p66d17s2 5fn−16s26p66d27s2

An Configuration Term Term ∆Ea Term ∆Eb Termc ∆Ed

Ac 5f06d17s2 2D3/2
2D3/2 0.00

Th 5f06d27s2 3F2
3H4 1.39 3F2 0.00

Pa 5f26d17s2 4K11/2
4K11/2 0.00 4H7/2 -0.25

U 5f36d17s2 5L6
5L6 0.00 5L6 0.79

Np 5f46d17s2 6L11/2
6L11/2 0.00 6M13/2 0.99

Pu 5f67s2 7F0
7F0 0.00 7K4 -0.87 7M6 0.57

Am 5f77s2 8S7/2
8S7/2 0.00 8H3/2 0.20

Cm 5f76d17s2 9D2
7F6 2.59 9D2 0.00

Bk 5f97s2 6H15/2
6H15/2 0.00 8G13/2 -1.03

Cf 5f107s2 5I8
5I8 0.00 (15/2,3/2)8 0.08

Es 5f117s2 4I15/2
4I15/2 0.00 (8,3/2)15/2 0.38

Fm 5f127s2 3H6
3H6 0.00 (15/2,3/2)6 0.54

Md 5f137s2 2F7/2
2F7/2 0.00 (6,3/2)9/2 1.59

No 5f147s2 1S0
1S0 0.00 (7/2,3/2)2 3.20

Lr 5f147s27p1 2P1/2
2D3/2 0.66

a∆E = E(5fn+16s26p67s2) − E(ground state).
b∆E = E(5fn6s26p66d17s2) − E(ground state).
cDue to the large number of possible configurations the evaluation of some terms was not possible.
d∆E = E(5fn−16s26p66d27s2) − E(ground state).

Table C.5: Experimentally observed ground states [71] and AE DHF energy differences (in eV) be-
tween these ground states and the lowest valence substate corresponding to pentavalent
5f-in-core LPPs (5fn−2, n=2–6 for Pa–Am) and the hexavalent LPP for uranium (5fn−3,
n=3), respectively [30].

Ground State 5fn−26s26p66d37s2 5fn−36s26p66d47s2

An Configuration Term Terma ∆Eb Term ∆Ec

Pa 5f26d17s2 4K11/2
4F3/2 2.24

U 5f36d17s2 5L6
5I4 4.93 5D0 11.50

Np 5f46d17s2 6L11/2

Pu 5f67s2 7F0

Am 5f77s2 8S7/2

aDue to the large number of possible configurations the evaluation of some terms was not possible.
b∆E = E(5fn−26s26p66d37s2) − E(ground state).
c∆E = E(5fn−36s26p66d47s2) − E(ground state).
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Table C.6: Experimentally observed ground states [71] and experimental energy differences (in eV)
between these ground states and the lowest valence substatecorresponding to di- (5fn+1,
n=5–13 for Pu–No) [29], tri- (5fn, n=0–14 for Ac–Lr) [54], and tetravalent (5fn−1, n=1–9
for Th–Cf) [29] 5f-in-core LPPs, respectively. For the 6d17s2 and 6d27s2 valence sub-
configurations of Fm–Lr and Am–Cf no experimental data are available, respectively.

Ground State 5fn+16s26p67s2 5fn6s26p66d17s2 5fn−16s26p66d27s2

An Configuration Term Term ∆Ea Term ∆Eb Term ∆Ec

Ac 5f06d17s2 2D3/2
2D3/2 0.00

Th 5f06d27s2 3F2
3H4 0.97 3F2 0.00

Pa 5f26d17s2 4K11/2
4K11/2 0.00 4H7/2 0.25

U 5f36d17s2 5L6
5L6 0.00 5L6 1.43

Np 5f46d17s2 6L11/2
6L11/2 0.00 6M13/2 2.49

Pu 5f67s2 7F0
7F0 0.00 7K4 0.78 7M6 4.47

Am 5f77s2 8S7/2
8S7/2 0.00 8H3/2 1.32

Cm 5f76d17s2 9D2
7F6 0.15 9D2 0.00

Bk 5f97s2 6H15/2
6H15/2 0.00 8G13/2 1.13

Cf 5f107s2 5I8
5I8 0.00 (15/2,3/2)8 2.10

Es 5f117s2 4I15/2
4I15/2 0.00 6I17/2 2.40

Fm 5f127s2 3H6
3H6 0.00

Md 5f137s2 2F7/2
2F7/2 0.00

No 5f147s2 1S0
1S0 0.00

Lr 5f147s27p1 2P1/2

a∆E = E(5fn+16s26p67s2) − E(ground state).
b∆E = E(5fn6s26p66d17s2) − E(ground state).
c∆E = E(5fn−16s26p66d27s2) − E(ground state).



171

Table C.7: An–F bond energies (in eV) Ebond = [E(An) + 3 × E(F ) − E(AnF3)]/3 for AnF3

(An=Ac–Lr) from LPP HF and SPP state-averaged MCSCF calculations [19, 20]. Addi-
tionally, the m.a.e. (in eV) as well as the m.r.e. with respect to the SPP data are given.

An LPP SPP
Ac 5.209 5.187
Th 5.081a 5.490
Pa 4.996a 5.252
U 4.939 5.052
Np 4.897 4.946
Pu 4.864 4.856
Am 4.840 4.772
Cm 4.823 4.718
Bk 4.803 4.720
Cf 4.794 4.795
Es 4.778 4.799
Fm 4.763 4.790
Md 4.757 4.819
No 4.746 4.804
Lr 4.734 4.768
m.a.e. (m.r.e.) 0.050 (1.0%)

aFor ThF3 and PaF3 the LPP 5f occupations are by up to 0.57 electrons larger thanthe SPP 5f occupa-

tions, because for these actinides the trivalent oxidationstate is not preferred (Th) or even not stable (Pa)

in aqueous solution [1] (cf. Sect. 3.1.5.6). Thus, for ThF3 and PaF3 the assumption of a near-integral

5f occupation is too crude [20], and the m.a.e. as well as m.r.e. were calculated neglecting the results

for these systems.

Table C.8: Bond lengthsRe (in Å), angles∠ (in deg), and total energiesE (in a.u.) for the com-
plexes [UO2L2] (L=sha, bha) from SPP DFT/B3LYP gas phase calculations. Both pos-
sible structures are given, i.e. the nitrogen atoms of the ligands located on the same
(denoted asC1) or on opposite sides (denoted asCi).

C1-[UO2sha2] Ci-[UO2sha2] C1-[UO2bha2] Ci-[UO2bha2]
Re(U–Oax) 1.783 1.782 1.781 1.781

1.783 1.782 1.782 1.781
Re(U–OCarb.)a 2.426 2.417 2.435 2.423

2.427 2.416 2.438 2.423
Re(U–ON) 2.313 2.322 2.315 2.324

2.313 2.323 2.315 2.324
∠Oax–U–Oax 175.5 180.0 175.4 180.0
∠OCarb.–U–ONa 66.6 66.7 66.9 66.8

66.6 66.7 66.7 66.8
E -1728.89381645 -1728.89378590 -1578.44002333 -1578.43980258

aOCarb. is the oxygen atom of the carbonyl group.
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Table C.9: Experimentally observed ground states [71] and AE WB energydifferences (in eV) be-
tween these ground states and the lowest states corresponding to tri- (4fn, n=0–14 for
La–Lu) [54] and tetravalent (4fn−1, n=1–3, 8, 9 for Ce–Nd, Tb, Dy) [28] 4f-in-core LPPs,
respectively.

Ground State 4fn5s25p65d16s2 4fn−15s25p65d26s2

Ln Configuration Term Terma ∆Eb Term ∆Ec

La 4f05d16s2 2D 2D 0.00
Ce 4f15d16s2 1G 1G 0.00 3F 3.39
Pr 4f36s2 4I 4I 4I 4.66
Nd 4f46s2 5I 5L -0.21 5L 5.59
Pm 4f56s2 6H 6L -0.48
Sm 4f66s2 7F 7F

Eu 4f76s2 8S 8D

Gd 4f75d16s2 9D 9D 0.00
Tb 4f96s2 6H 8G 10F -2.17
Dy 4f106s2 5I 7H 9I 1.27
Ho 4f116s2 4I 6I

Er 4f126s2 3H 5G

Tm 4f136s2 2F 4K -1.29
Yb 4f146s2 1S 3H 0.44
Lu 4f145d16s2 2D 2D 0.00

aFor Pr, Sm, Eu, Tb, Dy, Ho, and Er no AE WB energy corrections could be calculated, because there
is more than one possibility to couple 4fn and 5d1 to obtain the desired LS-states4I, 7F , 8D, 8G, 7H ,
6I, and5G, respectively.
b∆E = E(4fn5s25p65d16s2) − E(ground state).
c∆E = E(4fn−15s25p65d26s2) − E(ground state).
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Table C.10: Experimentally observed ground states [71] and AE DHF energy differences (in eV)
between these ground states and the lowest states corresponding to tri- (4fn, n=0–14
for La–Lu) [54] and tetravalent (4fn−1, n=1–3, 8, 9 for Ce–Nd, Tb, Dy) [28] 4f-in-core
LPPs, respectively.

Ground State 4fn5s25p65d16s2 4fn−15s25p65d26s2

Ln Configuration Term Term ∆Ea Term ∆Eb

La 4f05d16s2 2D3/2
2D3/2 0.00

Ce 4f15d16s2 1G4
1G4 0.00 3F2 3.16

Pr 4f36s2 4I9/2
4I9/2 -0.27 4I7/2 4.21

Nd 4f46s2 5I4
5L6 -0.46 5L6 5.18

Pm 4f56s2 6H5/2
6L11/2 -0.76

Sm 4f66s2 7F0
7F4 0.16

Eu 4f76s2 8S7/2
8D3/2 1.49

Gd 4f75d16s2 9D2
9D2 0.00

Tb 4f96s2 6H15/2
8G13/2 -2.96 10F3/2 -2.04

Dy 4f106s2 5I8
7H8 -2.01 9I7 0.75

Ho 4f116s2 4I15/2
6I17/2 -2.28

Er 4f126s2 3H6
5G6 -2.81

Tm 4f136s2 2F7/2 (6,3/2)9/2 -2.07
Yb 4f146s2 1S0 (7/2,3/2)2 -0.67
Lu 4f145d16s2 2D3/2

2D3/2 0.00

a∆E = E(4fn5s25p65d16s2) − E(ground state).
b∆E = E(4fn−15s25p65d26s2) − E(ground state).
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Table C.11: Experimentally observed ground states [71] and experimental energy differences (in eV)
between these ground states and the lowest states corresponding to trivalent 4f-in-core
LPPs (4fn, n=0–14 for La–Lu) [54].

Ground State 4fn5s25p65d16s2

Ln Configuration Term Term ∆Ea,b

La 4f05d16s2 2D3/2
2D3/2 0.00

Ce 4f15d16s2 1G4
1G4 0.00

Pr 4f36s2 4I9/2
4I9/2 0.55

Nd 4f46s2 5I4
5L6 0.84

Pm 4f56s2 6H5/2

Sm 4f66s2 7F0
7F0 2.27

Eu 4f76s2 8S7/2
8D5/2 3.45

Gd 4f75d16s2 9D2
9D2 0.00

Tb 4f96s2 6H15/2
8G13/2 0.04

Dy 4f106s2 5I8
7H8 0.94

Ho 4f116s2 4I15/2
6I17/2 1.04

Er 4f126s2 3H6
5G6 0.89

Tm 4f136s2 2F7/2 (6,3/2)9/2 1.63
Yb 4f146s2 1S0 (7/2,3/2)2 2.88
Lu 4f145d16s2 2D3/2

2D3/2 0.00

a∆E = E(4fn5s25p65d16s2) − E(ground state).
bEnergy differences from [43].
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Table C.12: Atomization energies∆Eat (in eV) for LnF3 (Ln=La–Lu) with respect to the valence
substates 4fn5d16s2 from LPP HF and SPP state-averaged MCSCF calculations. SPP
values are given for the lowest LS-states according to Hund’s rule, while LPP values are
given for2D states, since here the 4f shell is treated in an averaged manner. Additionally,
LPP atomization energies corrected to account for the coupling between 4fn and 5d1

∆Ecoupl. (in eV), and LPP as well as SPP values corrected to account forthe proper
description of triply-charged ions Ln3+ ∆Ecoupl.+Ln3+ and∆Eat+Ln3+ (in eV) are
given, respectively [54].

∆Eat ∆Ecoupl. ∆Ecoupl.+Ln3+ ∆Eat+Ln3+

Ln LPP SPPa LPP LPP SPP
La 15.83 2D 15.95 2D 15.83 15.78 15.95
Ce 15.80 1G 15.18 1G 15.13 15.02 15.34
Pr 15.76 4K 15.32b 4K 15.30 15.18 15.55
Nd 15.73 5L 15.08b 5L 15.12 15.00 15.31
Pm 15.73 6L 14.88 6L 14.94 14.80 15.06
Sm 15.72 7K 14.90 7K 14.81 14.67 15.01
Eu 15.73 8H 15.00 8H 14.86 14.73 15.07
Gd 15.69 9D 14.85 9D 15.12 15.02 15.22
Tb 15.73 8H 15.74 8H 15.51 15.41 15.68
Dy 15.75 7K 15.78 7K 15.60 15.52 15.77
Ho 15.78 6L 15.69 6L 15.57 15.50 15.63
Er 15.82 5L 15.67 5L 15.50 15.44 15.55
Tm 15.84 4K 15.80 4K 15.46 15.41 15.59
Yb 15.89 3H 16.16 3H 15.58 15.54 15.72
Lu 15.81 2D 15.87 2D 15.81 15.78 15.99

aIn some cases the calculated LS-state does not correspond tothe lowest LS-state at the HF level, i.e.
8G/8F /8D, 7H /7I/7G/7F , 6I/6K/6H , 5G/5H , 4F , and3P are lower for Tb, Dy, Ho, Er, Tm, and Yb,
respectively.
bSince for Pr and Nd4K/4I and5L/5K states are nearly degenerate, respectively, the energies corre-

sponding to4K and5L were taken from SPP state-averaged MCSCF calculations, where these degen-

erate states were calculated simultaneously.
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Table C.13: Ionic binding energies∆Eion (in eV) for LnF3 (Ln=La–Lu) from LPP+CPP CCSD(T)
calculations [54].

Ln ∆Eion

La 45.41
Ce 45.77
Pr 46.12
Nd 46.46
Pm 46.78
Sm 47.09
Eu 47.41
Gd 47.71
Tb 48.03
Dy 48.35
Ho 48.67
Er 49.00
Tm 49.30
Yb 49.63
Lu 49.80
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